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ABSTRACT 

Urbanization is an inevitable process for every developing and developed country. 

In China this process accelerated after the reform and open-door policies initialed in 

1980s. Urbanization can bring tremendous influences on air quality and in turn adverse 

health effects. Therefore it is of importance to access and evaluate urbanization process. 

In this Thesis, we focus on three major impacts in China: land-cover change (from nature 

land type to urban land type), anthropogenic heat emission (due to human activity), and 

pollutant emission increase (mainly from industry, power, transportation and residential). 

The model tool used in this paper is called WRF-Chem (the fully coupled Weather 

Research and Forecast Model with Chemistry Module). After designing and performing 

three different sensitivity runs, it turns out that all of these three impacts from 

urbanization tend to worsen air quality conditions in Beijing, especially for ozone and 

PM2.5 concentrations. The first impact from land-cover change in Chapter 2 increases 

temperature by 2.4 ℃ for Beijing and ozone by 20 ppb. Adding human heat release (the 

second impact) also increases surface temperature by 0.8 ℃ at daytime and 1.2 ℃ at 

nighttime (Chapter 4). Consequently, model outputs a more polluted scenario in Beijing, 

with 18 ppb more ozone during nocturnal time. When exploring the third impact from 

emission change, we found out that the government’s mitigation regulations on emissions 

in Beijing has in effect. Around Beijing area, the emissions for CO and SO2 remains the 

same level from 2006 to 2010, while other cities inside North China Plain are 

experiencing rapid growths in anthropogenic emissions. Results show a slightly increase 

in surface temperature and ozone concentrations. Meanwhile, the concentration of 

particulate matters tends to increase near surface and decrease in the upper atmosphere.  

For future study, it is highly recommended to include these impacts into model 

configurations. Additional sensitivity runs were conducted to optimize forecast 

computing in China, concerning both spatial and vertical resolutions. This sensitivity 



www.manaraa.com

 
 

v 
 

studies represented 4 different grid resolutions and three different vertical meshes. 

Regards to the analysis with available observation data, a resolution of 9 km and 27 

vertical layers is determined to be the best option for future efficient and accurate 

forecasts in China. For horizontal aspects, both 81-km and 27-km resolutions are not able 

to capture pollutant distributions and no significant discrepancy is found out between 9-

km and 3-km case. In vertical resolution sensitivity runs, we use 9 layers, 27 layers, and 

54 layers mesh with same top and bottom staggers. Analysis reveals totally different 

vertical profile between 9 layers and 27 layers cases and similar profile between 27 layers 

and 54 layers. Therefore, we recommend spatial settings with 9-km resolution and a 

vertical mesh with 27 layers. Finally, the updated 3-d model, involving three urbanization 

impacts and using recommended resolution settings is used to support a field campaign in 

summer 2013 for North China Plain. Some preliminary results show a confidence using 

our model, by capturing both meteorological and chemical trends in Beijing. 
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CHAPTER 1 GENERAL INTRODUCTION 

1.1 Motivation and Importance of Work 

Urbanization is an inevitable and rapid process coming along with economic 

development and population boost in China (Li et al., 2012). In Beijing, the built-up area 

increased from 184 km
2
 in 1973 to 1210 km

2
 in 2005 (Mu et al., 2007).  Figure 1.1 below 

is the spatial plots for urban fraction over the two biggest cities (Beijing and Shanghai) in 

China. According to the comparison between 1992 and 2004, urban land expanded over 

10~20 times. And this is a universal phenomenon for most cities in China (Chen et al., 

2007). 

 
 
 

 

Figure 1.1 Urban and Built-on land cover fraction (range 0~1) for Beijing and Shanghai 
in 1992 and 2004 
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Besides land type changes, urban population is anticipated to increase at a rate of 

2.3 % per year in developing countries (United Nations, 2004). The overall proportion of 

the urban population in China increased from only 20 % in the 1980s to 45 % in 2010 

(Van De Poel et al., 2012). According to the sixth national census (2010) in China, for 

Beijing alone, there are more than 20 million people living within this city cluster. In 

Figure 1.2, the total urban population for developing regions continues to increase and 

will exceed 4 billion by the year 2030.  

 

 

 

 

(United Nations, 2004) 

Figure 1.2 Urban and rural population of more developed regions and less developed 
regions: 1950-2030 

 

 

 

Both urban land and urban population boost put pressure on air quality for cities 

in China. In the past several years, air pollution, mostly photochemical smog and 

widespread haze, have developed into severe scenarios in China (Zhao et al., 2013 and 
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Tao et al., 2014). The maximum hourly PM2.5 exceeded 680       in the Greater 

Beijing Area (Wang et al., 2014). Researches have demonstrated various illnesses 

associated with air pollutants. Buka et al. (2006) found out that carbon monoxide reduces 

oxygen delivery to body organs and tissues. According to Bascom et al. (1996), current 

ambient levels of PM10 are associated with increases in daily cardiorespiratory mortality 

and total mortality. And ambient ozone is associated with mortality and respiratory 

illnesses (Bell et al., 2004). However, there is no threshold concentration on health for 

particulate matters and ozone (Brunekreef et al., 2002).  

There is a need for better understanding of the relationship between urbanization and 

air quality in China. In this study, we employ the fully coupled Weather Research and 

Forecast Model with Chemistry Module (WRF-Chem) to evaluate how urbanization 

interacts with air quality and model sensitivities to each impact from urbanization. 

Specifically, three major impacts from urbanization are investigated in this study. The 

first one is from land-cover change, evaluating grid type change from nature to urban and 

its associating physical parameters, including albedo and surface roughness. Second 

impact is from additional heat release from human activities. And the third impact is from 

anthropogenic emission. To better predict pollutant levels in China and prevent long 

exposure for human health, optimal configurations are also recommended for improving 

model fidelity. 

Chapter 2 focuses on the development of implanting new land-cover data into WRF-

Chem and pollutant sensitivity to land-cover change. In this chapter, we simulated urban 

expansion from 1992 to 2004 in China and pollutant sensitivities. This chapter is based 

on the results published in Yu et al. (2012). 

In Chapter 3, we analyze a special land-surface forcing on ozone and other chemical 

species in Beijing. Two cases (one is pre-industrialization and one is current) were used 

in this chapter. It focused on industrialization impact and interactions with different local 

circulations.  
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Chapter 4 presents our study on the second impact from urbanization. In this chapter, 

a new reliable heat emission model was developed and tested for China. After 

incorporating this emission stream into WRF-Chem, sensitivity tests were designed in the 

Greater Beijing area. This chapter is based on the results published in Yu et al. (2014a). 

Chapter 5 assesses the third impact, anthropogenic emission change. In this study, we 

employed emissions from 2006 and 2010 and tried to quantify model sensitivities. Also a 

brief description on impact from emission regulation is included in this chapter. 

Chapter 6 investigates resolution impacts for forecast by using WRF-Chem. Both 

spatial and vertical impacts were taken into considerations. Based on sensitivity runs in 

this chapter, optimal domain configurations are recommended. This chapter is based on 

the results published in Yu et al. (2014b). 

Chapter 7 describes our contributions and performances in CAREBEIJING2013 Field 

Campaign. In summer 2013, we provided groups in the project with every day forecast on 

both meteorology and pollutant levels. Some preliminary results are also represented in 

this chapter.  

1.2 WRF-Chem Backgroud 

For air quality modeling, there are two different types, offline and online. The 

commonly used approach, called “offline”, requires initially running a meteorological 

model independently and use its output to drive the chemical transport model. WRF-

Chem used in this study is “online” model (Grell et al., 2005). It can compute one step of 

meteorology then one step of chemical model. Therefore it is able to include two-way 

feedbacks. More information about WRF-Chem can be found at 

http://ruc.noaa.gov/wrf/WG11/. WRF-Chem has been proved to be a reliable tool in 

simulating air quality in China (Li et al., 2011; Jiang et al., 2012; Tie et al., 2013). 

The differences between “on-line” and “off-line” model is shown in Figure 1.3. 

For off-line models, they compute the weather model separately, then utilize its output to 

http://ruc.noaa.gov/wrf/WG11/
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drive the chemical transport model. The feedbacks between meteorology and chemistry 

are shut-off completely.  Unlike it, the WRF-Chem is able to include this feedback step 

by step. It runs one-step of meteorology, one-step of chemistry, and so on. Many previous 

studies have proven that WRF-Chem is the better option, especially for regional 

modeling (Grell et al., 2005) (Jiang et al., 2012).  

 
 
 

 

Figure 1.3 Flow chat for off-line and on-line air quality models 
 
 
 

1.3 Biogenic and Anthropogenic Emissions 

The Model of Emissions of Gases and Aerosols from Nature (MEGAN) Version 

2.04 (the latest one) (Guenther, 2006) was used for the biogenic emissions. The MEGAN 

is an on-line calculation of biomass emissions by using Leaf Area Index (LAI) and 

percentage of each Plant Functional Type (PFT) for each model grid, as well as 

meteorological variables, like temperature, pressure and solar radiation obtained from 
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model simulations. The first part of inputs, LAI and PFT data, according to Guenther 

(2006), is data for the year 2003. 

In this study, the anthropogenic emission data was prepared by Qiang Zhang and 

David Streets from Argonne National Laboratory. Data was collected during INTEX-B 

project (2006) of the National Aeronautics and Space Administration (NASA). It includes 

emissions of SO2, NOx, CO, VOC, PM10, PM2.5, BC and OC by sector (power, 

industry, residential and transportation) and six speciated VOCs by sector files. Now it 

can be downloaded from CGRER website: http://cgrer.uiowa.edu/projects/emmison-data.  

1.4 Initial Chemical State and Lateral Boundary Conditions 

Inside WRF-Chem model, there is a need to update the chemical boundary 

conditions for air quality modeling. After running real.exe to generate the wrfinput files, 

we modified the values on boundaries to incorporate potential mass and pollutants 

exchange between modeled domains and their surroundings, most importantly the 

intrusions from stratosphere to troposphere. The Model for Ozone and Related chemical 

Tracers, version 4 (MOZART-4) is used in this study as the initial chemical state and the 

lateral boundary conditions (Emmons et al., 2010). MOZART-4 is an offline global 

chemical transport model, including online calculations of a number of processes, like 

dry deposition and emissions of VOCs. Outputs from online downloads is every 6 hour. 

Since our case is three two-way nesting domains, only the first (largest) domain adopted 

the MOZART-4 chemical initial and lateral boundary conditions. For the possible upper 

troposphere/stratospheric intrusions concern, using MOZART-4 data has taken it into 

consideration. The download website is http://www.acd.ucar.edu/wrf-chem/mozart.shtml.  

http://cgrer.uiowa.edu/projects/emmison-data
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CHAPTER 2 SENSITIVITY OF PREDICTED POLLUTANT 

LEVELS TO LAND COVER CHANGE IN CHINA 

2.1 Abstract 

Urbanization in China accompanies economic development and population 

growth. Changes in land use leads to changes in both meteorological and chemical fields. 

In this study, the impact of land use change in Jing-Jin-Ji (JJJ, indicating Beijing-Tianjin-

Hebei) and Yangtze River Delta (YRD) areas on meteorology and ozone concentrations 

are studied using the WRF-Chem model. Land use change is represented two different 

land cover data sets: USGS and MODIS.  Monthly-average simulations show that 

urbanization causes an increase in 2-m temperature by maximum 2.4 ℃ and 3.2 ℃ in 

these two areas, respectively. Wind speed simulations suggest a decrease (average 1.2 

m/s) in daytime for YRD and in nighttime for JJJ. Dew point differences show a dry 

effect over both areas, with maximum -3 ℃, in JJJ and -2.4 ℃ in YRD. Planetary 

Boundary Layer (PBL) height increases by 400 m (maximum in JJJ) and 600m 

(maximum in YRD) for daytime, and nighttime increases are less than 100m. Daytime 

ozone concentrations in JJJ increase by 20 ppb due to urbanization, while in YRD the 

difference is around 5 ppb. Compared to observations, mean errors in urban areas was 

improved when using updated land use information by 14.2% and 35.6%, and in 

suburban areas by 5.8% and 10.7%. Updating land use data set in air quality is important 

in application to regions with rapid urbanization such as China. The effects due to land 

use can be as large as those due to 20% in emissions. 
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2.2 Introduction 

China is currently undergoing rapid urbanization (Li et al., 2012), especially for 

the Yangtze River Delta (Gu et al., 2011) and Jing-Jin-Ji (Beijing-Tianjin-Hebei) region. 

The overall proportion of the urban population in China increased from only 20% in the 

1980s to 45% in 2010 (Van De Poel et al., 2012). One of the major effects from 

urbanization is changes in land use, typically from vegetated surfaces to imperious built 

surfaces. Land-cover properties play an important role in environmental simulations, as 

they help determine the surface soil moisture, albedo, and roughness length, which, in 

turn, influence the surface heat budget (Crawford et al., 2001). Urbanization and its 

related consequences contribute to changes in summertime ozone-related mortality across 

the metropolitan areas (Knowlton et al., 2004). Hence, it is important to study and 

evaluate the impact of urbanization in these two regions on air quality predictions. 

There have been several previous studies on the impact of urbanization on air 

quality modeling, especially for ozone concentration.  Cirerolo et al. (2007) simulated the 

future (year 2050) urbanization in NYC, while holding emissions constant and found that 

episode-average O3 levels increased by 1-5 ppb.  Wang et al. (2009) simulated 

urbanization impacts over two coastal regions in China, including YRD area, by changing 

land-cover maps from early 1990s to 2001. The averaged daytime and nighttime increase 

in temperature for March 2010 was 0.6 ℃ and 1.4 ℃ for YRD area and the surface ozone 

level was enhanced by 4.7% for nighttime and 2.9% for daytime. Another study by Jiang 

et al. (2008) found that the impact of urbanization in Houston, Texas for 2050 showed an 

average 2 ℃ increases in near-surface temperature and 6.2 ppb increase in ozone 

concentration. 

The above studies illustrate that land use change associated with urbanization can 

have significant impacts on meteorological parameters and pollution concentrations. In 

this paper, the impact of land use change on pollution levels is studied by using the fully 

coupled Weather Research and Forecast Model with Chemistry Module (WRF-Chem). 
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More detailed descriptions of WRF-Chem can be found in (Grell et al., 2005) and at 

http://ruc.noaa.gov/wrf/WG11/.  

In this study we use a version of WRF-Chem that includes direct, semi-direct and 

indirect feedbacks to study the impact of land use change on pollutant concentrations in 

two fast growing regions in China, i.e., the Yangtze River Delta and Jing-Jin-Ji (Beijing-

Tianjin-Hebei) regions. In modeling air quality in rapidly developing areas there is the 

need for models to update the land use data sets. Widely used community models such as 

WRF-Chem come with a default land use data set based on the U.S. Geological Survey 

(USGS) data, collected by the Advanced Very High Resolution Radiometer (AVHRR) 

during April 1992 to March 1993 at 1-km spatial resolution (Loveland et al., 2000). In 

this study we modify the WRF-Chem model to allow updates in land use data sets and 

demonstrate the method using land use data obtained from the MODerate resolution 

Imaging Spectroradiometer (MODIS) during mid-2000. We analyze results using USGS 

and MODIS land-use to evaluate the sensitivity of modeled meteorological and chemical 

fields to urbanization in these two regions since 1990s. 

2.3 Description of study areas and observation data 

2.3.1Jing-Jin-Ji Area 

The Jing-Jin-Ji Area (JJJ) covering Beijing, Tianjin and part of the Hebei 

Province, is the political and financial center of northern China. More than 40 million 

people live within this area and contribute ~10% of the total Gross Domestic Product 

(GDP) of China, with major contributions for electronic, machinery, and metallurgical 

industries. Inside JJJ, there is a five-city cluster, including Beijing and Tianjin. For 

Beijing alone, the built-up area increased from 183.84 km2 in 1973 to 1209.97 km2 in 

2005 (Mu et al., 2007). Figure 1.1(left panel) shows the urban-fraction in JJJ area from 
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USGS and MODIS land-cover data sets, respectively. The differences between MODIS 

and USGS land-cover data sets (Figure 2.1.a) are significant over the two time periods. 

The Campaign of Air Quality Research in Beijing (CAREBeijing), initiated by the 

Beijing Municipal Environmental Protection Bureau (Beijing EPB) and Peking 

University (PKU), obtained observations of gaseous pollutant concentrations between 

August and mid-September, 2006.  There were two observation sites in the Beijing area. 

One was located in Yufang (YF, 116.31°E, 39.51°N), which is an open spot in a 

suburban area, 50 km to the south of the Beijing urban center. The other one was on the 

campus of Peking University (PKU, 116.31°E, 39.99°N) located next to the Forth-Ring 

main road of Beijing and surrounded by urban area. In order to match the available 

observations in Beijing, the simulation period for this region was from 0000 UTC 01 

August to 0000 UTC 15 September 2006, which belongs to the rainy season(from Jun to 

September) (Sun et al., 2007). 

2.3.2 Yangtze River Delta Area 

The Yangtze River Delta (YRD) area is located in the middle-east coastline of 

China and contains several large cities, including Hangzhou, Suzhou and Shanghai, the 

financial center and the largest city in China. Figure 2.1.b illustrates that land use in the 

YRD area has changed significantly since the 1990s. Large amounts of cropland and 

forests inside this region (about 45% of the total area) have been converted to human-

dominated uses, especially for the suburban areas of Shanghai, Hangzhou and other 

cities. 

In order to improve the air quality and to measure regional ozone and PM 

concentrations during 2010 EXPO, the Shanghai Meteorological Bureau, along with 

Shanghai Regional Meteorological Center and Shanghai Center for Urban Environmental 

Meteorology, launched a new set of observation stations both inside and outside 

Shanghai area. Hourly observations of ozone concentrations are posted on the website: 
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http://222.66.83.20:808/forecast/index.asp, since September 2009. The locations selected 

for this study are a base location with little change in urban fraction, Jin Shan (JS, 

121.30°E, 30.7°N), and an urban location, XuJiaHui (XJH, 121.45°E, 31.16°N).  To 

monitor and profile pollutant distributions during EXPO 2010, the simulation period for 

YRD from 0000 UTC 01 May to 0000 UTC 31 May 2010 was chosen for analysis.  For 

May 2010, YRD was under the extension of spring drought in the Huaihe River 

watershed (Shi et al., 2012) and monthly total precipitation over Shanghai was smaller 

than 10mm. To compare the effect of season on the importance of land use change, 

simulations for August were also conducted for the YRD region. 

 
 
 

 

Figure 2.1 Urban fraction differences over Jing-Jin-Ji (JJJ, Beijing-Tianjin-Hebei) and 
Yangtze River Delta (YRD) areas between USGS and MODIS land-use 

datasets. The heavy black line indicates the cross-section position for vertical 
plots in section 2.5.2.4. 
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2.4 Methodology 

2.4.1Mapping MODIS land-use into USGS classification 

In order to study the impact of changes in land cover on predicted pollution 

levels, it is necessary to link the MODIS data set to WRF-Chem. This was been done by 

mapping the MODIS data set into the USGS classification, which can be directly invoked 

by WRF-Chem. The USGS land-cover data includes 24 classes of land. However, 

beginning with WRF Version 3.1, the Noah Land Surface Model was coupled into WRF, 

and this allows the usage of the MODIS land-cover data set. The land-use and land-cover 

types in the modified-MODIS data has 20 classes, defined by the International 

Geosphere-Biosphere Programme (IGBP),  and includes 11 classes of natural vegetation 

cover broken down by plant type, 3 classes of non-vegetated lands and 3 classes of 

developed and mosaic lands (Friedl et al., 2002), plus three classes of tundra. In order to 

update the land-cover data in WRF-Chem, we built a mapping bridge between the 24-

class USGS and the 20-class MODIS land cover data sets.  

Table 2.1 summarizes the mapping scheme between these two classifications.  

Most of the IGBP classes have a direct mapping to their USGS equivalent, which we call 

a ‘one-step mapping’. For instance, the class No.14 in MODIS named ‘Cropland/Nature 

Vegetation Mosaic’ is equal to the class No.4 in USGS, called ‘Cropland/Grassland’. The 

definition of ‘Cropland/Nature Vegetation Mosaic’ in MODIS is ‘Lands with a mosaic of 

croplands, forests, shrubland, and grasslands in which no one component comprises more 

than 60% of the landscape’ (Strahler et al., 1999), which is equivalent to the description 

of class ‘Cropland/Grassland’ in USGS. However, some MODIS classes have to be split, 

in order to fit into the USGS scheme, which we call a ‘multiple-step mapping’.  First, for 

each individual cell, the original relative ratio among these specified USGS classes is 

checked. If the ratio exists, it is applied to the MODIS data. Otherwise, a new value is 

calculated, taking its geographic location, surrounding land-cover units, and local climate 
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into consideration. For example, ‘No.11 Permanent Wetlands’ in MODIS needed to be 

divided into two classes in USGS, No.17 Herbaceous Wetland and No.18 Wooden 

Wetland. For some districts, new herbaceous wetlands or wooden wetlands were formed 

after 1992, due to climate change or other human activities. Therefore, no existing ratio is 

available in the USGS land-cover data. Xu et al. (2010) pointed out that the dominant 

ecosystem on the East China Sea Shelf (ECSS) is herbaceous wetland during the past 

3000 years, while on the South China Sea Shelf (SCSS) the wooden wetland is the 

primary type. For this case, the geographic location is a requirement to estimate the ratio. 

2.4.2 WRF-Chem configuration 

WRF-Chem Version 3.1 was employed to investigate the impact of urbanization 

for both JJJ and YRD areas. Simulations were performed using three-nested domains. In 

the JJY simulated area, three nested domains were defined as shown in Figure 2.2.  The 

largest domain covered most of East Asia, including China, Japan and part of Southeast 

Asia with a grid resolution 81 km. The second domain focused on the Northeast part of 

China at a grid resolution 27 km. The finest domain centered at Beijing, contained the 

entire JJY area, with a resolution of 9 km.  The numbers of horizontal grids were 81X57, 

49X49, and 55X55, respectively. Similarly, the YRD modeled area was also constructed 

by three nested domains (Figure 2.2). The coarse domain was the same as the JJJ’s 

largest domain, but with different second and finest domain settings. Domain 2 contained 

the central-east part of China at 27 km resolution, and domain 3 centered over Shanghai, 

with grid size of 9 km covering the whole YRD area. The horizontal grid numbers were 

81 X 57, 52 X 49, and 55 X 58. All model domains had the default 28 vertical layers and 

the model top was set at 10 hPa. The eta values on the bottom 10 full levels were: 1.00, 

0.993, 0.983, 0.97, 0.954, 0.934, 0.909, 0.88, 0.83, 0.779. The physical schemes used in 

this study include Purdue Lin microphysics scheme (Lin et al., 1983), Rapid Radiative 

Transfer Model (RRTM) longwave radiation(Mlawer et al., 1997), Goddard shortwave 
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scheme(Kim et al., 2011), Monin-Obukhov surface layer scheme with the Yonsei 

University(YSU) scheme (Hong et al., 2006) and the Noah Land Surface Model(Chen et 

al., 2001). For the urban surface scheme, the Urban Canopy Model (UCM) (Chen et al., 

2011) was chosen in this study. The Carbon Bond (CBMZ) chemical mechanism and 

MOSAIC using 4 sectional aerosol bins (Fast et al, 2006) were used. National Center for 

Environmental Protection (NCEP) 1° by 1° reanalysis data 

(http://dss.ucar.edu/datasets/ds083.2/) for every 6 hours was used as meteorological 

initial and boundary conditions. For anthropogenic and biogenic emissions, the 

Intercontinental Chemical Transport Experiment Phase B (INTEX-B) by NASA (Zhang 

et al., 2009) and the Model of Emissions of Gases and Aerosols from Nature (MEGAN) 

Version 2.04 (the latest one) (Guenther et al., 2006) were used in both domains. The 

Model for Ozone and Related chemical Tracers, version 4 (MOZART-4) is used in this 

study for the initial chemical state and the lateral boundary conditions (Emmons et al., 

2010). 

 
 
 

Figure 2.2 WRF-Chem domain settings for Jing-Jin-Ji (JJJ) and Yangtze River 

Delta (YRD) areas. 
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2.4.3 Verification 

WRF-Chem as stated above, couples the meteorology and chemistry. Since 

feedbacks between meteorological and chemical variables are included, differences in 

predicted meteorological variables using different land-cover data sets can be caused in 

part by chemical feedbacks, induced by the urbanization impacts. Therefore, a test case is 

needed to evaluate that the land cover mapping was implemented correctly. 

In this test case, three comparison runs in WRF without the chemical part were 

conducted from 0000 UTC 01 May to 0000 UTC 31 May 2010 in the YRD area. They 

were: a) using original USGS data, b) using original MODIS data and c) using the 

method described above to convert original MODIS data into USGS 24-categorie format. 

For a) and b) runs, the regular recommended three step routine in the WRF Pre-

Processing System were used: geogrid, ungrid and metgrid, with different land-cover data 

resources. Regarding to c) run, after running geogrid.exe with both USGS and MODIS 

land-cover, two sets of intermediate files are generated, with a slight disparity in the 

variable, ‘LANDUSEF’. By mapping the ‘LANDUSEF’ in MODIS into USGS format 

(Table 2.1) and replacing the ‘LANDUSEF’ in USGS with it, the whole updated process 

is completed. This is followed by the two steps, ungrid and metgrid.  
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Table 2.1 Mapping Scheme from MODIS to USGS 

 
 
 

To evaluate the impact of urbanization among these three runs, results were 

analyzed at the grid cell (Longitude 121.34° E, Latitude 31.10°N), which has the largest 

urban-fraction shift between the two land-cover data sets and completely changed from 

“Cropland” into “Urban and Built-up land”.  As Figure 2.3 illustrates, run b) and c) 

produce similar results over this location, which show that the mapping is implemented 

correctly. Run a) compared to c) results in a lower temperature by 8.9%, higher wind 

speeds by 16% and lower PBL height by 60%, which is in line with the results from 

Yucel et al., (2006). These results demonstrate the impact of urbanization on the 

meteorology distributions. 
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Figure2.3 Comparisons between three different runs (USGS, MODIS, MODIS in USGS 

format) in test case for meteorological variables: Temperature at 2-m, Wind speed at 10-

m and PBL height on the maximum point 
 
 
 

2.5 Results and Discussion 

For both study areas, WRF-Chem was used to simulate two cases: a) USGS, using 

the default land-cover data in WRF-Chem, and b) MODIS, mapping MODIS data into 

USGS format. In order to match the time-periods when observation available in the 

individual areas, the model simulation was conducted from 0000 UTC 01 August to 0000 

UTC 15 September 2006 for the JJJ area and 0000 UTC 01 May to 0000 UTC 3 May 

2010 for the YRD area. Only difference plots between USGS and MODIS is shown in 

this paper. 
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2.5.1 Spatial Influence of land-cover on meteorology 

2.5.1.12-m Temperature 

The 2-m temperature (T-2) is affected directly from land-cover change, resulting 

from its dependence on soil parameters, such as heat capacity and leaf index. Figure 2.4 

shows the spatial 2-m Temperature difference between MODIS and USGS runs at 1400 

China Standard Time (CST) and 0200 CST for JJJ and YRD, respectively. Some 

similarities are shared between these plots. First, for most areas where the urban-fraction 

in both data sets remained the same, MODIS and USGS produce similar results in 

temperature, usually with differences smaller than 0.5℃. These changes are mainly 

caused by changes in convective and diffusive heat fluxes, from areas with large urban 

fraction changes. Second, in both JJJ and YRD, the biggest positive differences occur 

around big cities where urbanization was large, most obviously in Beijing, Tianjin, 

Shanghai, Ningbo and Hangzhou (indicated as red circles). The spatial patterns in T-2 

are, individually, similar to the spatial plots of urban-fraction change (Figure 2.1). 

However, there are several dissimilarities between the two study areas. One is that YRD 

manifested a bigger corresponding increase in temperature with urbanization, with a 

maximum of 3.2 ℃ change, while for JJJ the maximum temperature changed only by 

about 1.8 ℃. One of the possible causes is the vertical moisture distributions, especially 

for the bottom layer of atmosphere. As mentioned before, May 2010 was a drought 

month for YRD. Temperature differences are consistent with the sensible heat flux 

increases from land surface to atmosphere. While for JJJ, the increase in latent heat flux 

was the main driver for the increase of temperature. For nighttime, the monthly-average 

difference in JJJ was as high as 2.4℃, which is higher than YRD (1.8℃). 
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Figure 2.4 Monthly-average spatial distribution for 1400 and 0200 CST for 2-m 
temperature differences in JJJ and YRD. The red circles indicate large cities, 
such as Beijing and Tianjin in JJJ and Shanghai, Hangzhou and Ningbo in the 

YRD area. 
 
 
 

2.5.1.2 Surface Wind Speed 

Changes in albedo, surface roughness and other physical parameters also impact 

wind speed and mass transport in the atmosphere. One of the major influences from 

urbanization is an increase in land roughness. With more wind friction, there should be a 

decrease in 10-m wind speed. Figure 2.5 shows this decrease at 1400 and 0200 CST for 

both areas. For daytime, monthly-averaged changes in wind-speed in YRD are associated 

with the pattern of urbanization, with a maximum decrease of 1.2 m/s in Shanghai, 
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Hangzhou and Ningbo. Around Beijing in JJJ, the average decrease is around 0.2 m/s, 

while other cities, Tianjin and Tangshan, show a difference of more than 0.4 m/s. For 

nighttime, wind speed decreases are more obvious in JJJ (1.0 m/s) than YRD (less than 

0.2 m/s). This reveals that urbanization has a stronger impact during daytime in YRD, but 

at nighttime in JJJ. Compared to Figure 2.5, wind speed decrease is closely related to the 

2-m temperature increase. Differences between these two regions are due to the different 

periods simulated and to their locations. YRD area is located on the eastern coastline of 

China, mainly influenced by land and sea breeze circulations, while JJJ is an inland, 

where wind speed and direction are heavily influenced by the surrounding topography. 

 
 

 
Figure 2.5 Monthly-average spatial distribution for 1400 and 0200 CST for wind speed 

differences in JJJ and YRD. The red circles indicate large cities, such as Beijing and 
Tianjin in JJJ and Shanghai, Hangzhou and Ningbo in the YRD area. 
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2.5.1.3 Surface Dew Point 

Within the land-surface and PBL schemes, spatial and vertical moisture 

distribution is another key variable dependent on land cover. Moisture not only plays an 

important role in mass and energy transfer between land surface and lower atmospheric 

layers, but it is also involved in chemical formation and destruction processes, such as the 

photochemical oxidant cycle and wet deposition, which are influenced by relative 

humidity and clouds.  In this study, we choose 2-m dew point as an indicator for moisture 

and vapor fields. Hu et al. (2010) pointed out the choice of land surface and PBL scheme 

can bring a warm/dry bias into WRF simulations. Figure 2.6 shows the spatial plots for 

monthly-averaged dew point differences at 1400 and 0200 CST for JJJ and YRD, 

respectively. The opposite sign of temperature and dew point difference corresponds with 

the warm/dry state (Hu et al., 2010). During daytime, the maximum difference for JJJ is 

over -3℃ for the mega-cities, like Beijing and Tianjin. While for YRD the maximum 

difference is about -1.6 ℃ for Shanghai and -2.4 ℃ for Hangzhou. For both areas the 

shapes of negative dew point differences correspond with the urban-fraction change plot. 

Nighttime differences are relatively small for YRD, but reach a maximum of -1.3 ℃ for 

JJJ. The larger differences in JJJ reflect the wet season. 
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Figure 2.6 Monthly-average spatial distributions for 1400 and 0200 CST for 2-m dew 
point differences in JJJ and YRD. The red circles indicate large cities, such as 
Beijing and Tianjin in JJJ and Shanghai, Hangzhou and Ningbo in the YRD 

area. 
 
 
 

 

2.5.1.4 Planetary Boundary Layer Height 

Planetary Boundary Layer height is another crucial variable that controls pollutant 

transport and surface concentrations. The spatial plots of monthly PBL height difference 

in both JJJ and YRD for daytime and nighttime, after updating the new land-cover data 

are shown in Figure 2.7. For mega-cities like Beijing and Shanghai, due to surface 

temperature changes, the maximum differences at 1400 CST are as high as 400 m and 

600 m. Besides positive values over urban areas, negative values, especially for JJJ, occur 

over suburban and rural areas. For nighttime, the average changes in PBL heights are 
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around 100 m for both areas. Overall, both JJJ and YRD show similar diurnal pattern in 

PBL height change, with maximum value around noon and minimum value at night. 

 
 
 

Figure 2.7 Monthly-average spatial distribution for 1400 and 0200 CST for PBL height 
differences in JJJ and YRD. The red circles indicate large cities, such as 

Beijing and Tianjin in JJJ and Shanghai, Hangzhou and Ningbo in the YRD 
area. 

2.5.2 Influence of Land-use Change on Pollutant 

Distributions 

2.5.2.1 CO Spatial Concentration 

CO is chosen as an indicator for primary pollutant transport. Figure 2.8.a shows 

the spatial plots for monthly-averaged surface CO concentration difference over JJJ and 

YRD areas at 1400 CST and 0200 CST. During daytime, the decrease in wind-speed 

limits the horizontal convection and transport, resulting in an accumulation of CO on 

urban surfaces of Beijing and Shanghai. The maximum difference is over 60 ppb (or 
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7.8%) for both areas. Outside of the urban areas, the daytime CO values are lower due to 

enhanced vertical mixing and increase in photochemical destruction due to temperature 

increase. During nighttime, negative difference centers form in urban areas due to 

increasing mixing. 

 
 
 

Figure 2.8 Spatial distributions of 1400 and 0200 CST difference between MODIS and 
USGS for a (CO) and b (Ozone) over JJJ and YRD areas. The red circles 

indicate big cities, like Beijing, Tianjin in JJJ and Shanghai, Hangzhou and 
Ningbo in the YRD area. 

2.5.2.2 Ozone Spatial Concentration 

The impact of the changes in temperature, wind speed, dew point and PBL height 

due to urbanization on ozone was also investigated. It is anticipated that a temperature 

increase will accelerate ozone production by raising reaction rates, wind speed decrease 

will lead to less transport and an accumulation of pollutants, and increases in PBL heights 

will dilute the concentrations inside PBL, which in urban areas should increase ozone 

production efficiencies.  Figure 2.8.b shows the 1400 CST and 0200 CST difference in 

ozone (MODIS-USGS) over both areas. The net impact of urbanization is to increase 
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ozone levels in the urban area.  Some large increases are shown in Beijing, a 20 ppb 20% 

increase during the daytime. The effects of land use change can be as large as those due 

to 20% increase in emissions. For nighttime in Beijing, ozone concentrations also 

increased, normally by less than 3 ppb. Compared to JJJ, YRD shows a somewhat 

different situation, with increases in daytime ozone concentrations over a wider area, but 

with lower peak values. The higher PBL heights reduced the peak daytime ozone 

distributions and the lower wind speeds decreased the dry deposition velocities of ozone.  

During nighttime, ozone differences were significantly enhanced over the region due to 

the higher PBL heights and lower NOx concentrations. Meanwhile, more ozone from 

urban areas is transported to downwind areas, where ozone destruction rates are 

decreased due to lower nitrogen oxides concentrations. Regions with lower ozone 

differences also occur in areas with little urban fraction change. Overall, the spatial plots 

of ozone differences in both JJJ and YRD areas are highly related to urban fraction 

change plots (Figure 2.1.a and Figure 2.1.b) over Beijing, Shanghai, Hangzhou and other 

cities. 

2.5.2.3 Ozone Concentration for Maximum Points 

For each study domain, a location was selected based on maximum urban-fraction 

change.  The max points in JJJ and YRD areas, are (Longitude 116.29° E, Latitude 

40.07°N) and (Longitude 121.34° E, Latitude 31.10°N), respectively.  For the JJJ max 

point, the urban fraction change was 0.98, which means 98% of the original land cover 

had turned into urban area from 1992 to mid-2000. Similarly, the max point in YRD had 

an urban fraction change of 0.89. 

Figure 2.9.a shows ozone concentrations using the USGS and MODIS land cover 

datasets at the two selected max points over the whole simulated period. Overall, the 

MODIS case produces higher ozone values during both daytime and nighttime. For the 

JJJ max point, the largest differences occur at noon, with a value of 20 ppb around 2 PM. 
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Nighttime differences between these two cases are in the range of 5-10 ppb. The diurnal 

cycle is determined by the diurnal pattern of temperature increase and the diurnal 

pollutant emission patterns. The plot of max point in YRD shows that during daytime 

ozone concentrations between USGS and MODIS are close to each other, while for 

nighttime, the MODIS ozone values are 20 ppb higher. 

Cumulative frequency plots for both max points are shown in Figure 2.9.b.  In JJJ, 

the upper 25% of the ozone concentrations in the USGS case are higher than 75 ppb and 

in the MODIS case they are higher than 80 ppb. For YRD, the upper 25% in 

concentration difference between USGS and MODIS are more than 10 ppb. Furthermore 

for JJJ nearly the entire distribution is shifted to higher values for the MODIS case, while 

for YRD, above 50 ppb, the distributions are similar. This also can be explained by the 

different diurnal pattern for the ozone differences in the two regions. In the daytime when 

high value occurs, ozone simulations by MODIS and USGS are close to each other in 

YRD, while in JJJ, the peak value differences are enhanced. 
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Figure 2.9. For Max points a) full-time ozone concentration plots in USGS and MODIS. 
b) Cumulative frequency plots in USGS and. 

 
 
 

2.5.2.4 Vertical Profile of Ozone Concentration 

In order to investigate changes in vertical winds and ozone transport due to 

urbanization, a cross section, between (39.5° N, 115.5° E) and (40.8 °N, 117.6° N), 

shown as the black line in Figure 2.1, was selected in the JJJ area. Along this cross-

section the urban fraction in MODIS changes from left to right: from 0 % to nearly 

100%, then decreases to 0% again (Figure 2.10). Over the urban area, higher surface 

temperatures result in stronger updrafts and downdrafts.  The effect of these changes in 

atmospheric conditions on pollution transport is shown in Figure 2.11.a and 2.11.b, for 

daytime and nighttime, respectively.  CO is an indicator of regional transport of a primary 

pollutant. Figure 8.a.a and 8.a.b show the vertical plot of daytime CO concentrations 

a

) 

b

) 
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overlaid with vertical wind in the USGS and MODIS cases, respectively, and 2.11.c is the 

difference between them. For the USGS case there is, weaker vertical transport and the 

CO emissions are more localized within the urban boundary layer.  In the MODIS plot, 

CO has been transported and well-mixed within 1km above surface. The differences 

between them (Figure 2.11.c) show a large decrease in CO over the urban center. To the 

east, the positive values are due to the vertical redistribution and strong downdrafts. 

 
 
 

Figure 10 Urban Fraction plots on cross section line for USGS, MODIS, and the 
difference between them. 

 
 
 

For ozone distributions, Figure 2.11.a, d, e and f, show a similar distribution 

opposite to CO. Higher surface temperatures and higher mixing layer heights result in the 

MODIS case bring a large increase in ozone concentrations over the urban areas and to 
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the west. During the nighttime, ozone values over the urban center are due to stronger 

updrafts over the urban center. To the east, a converging center due to circulation re-

structure, transports more ozone from adjacent areas and forms a high value center. 

 
 
 

Figure 11 Daytime and nighttime vertical plots from point (39.5° N, 115.5° E) to point 
(40.8 °N, 117.6° N)  (shown as the black line in Figure 1c) by USGS, 

MODIS, and difference (MODIS-USGS) :  a)-c) CO , d)-f) O3 
 
 
 

2.5.3 Comparison between Dry and Wet Seasons 

To study the effect of season on air quality modeling, an additional simulation 

was conducted in YRD for August 2010. With an average cumulative rainfall for the 

whole simulated month of 230mm, August was a relative-wet month for YRD. The 

maximum increase in 2-m Temperature for each local time drops from 3.2 ℃ in May to 

1.8 ℃in August for 1400 CST and from 1.8 ℃ in May to 1.0℃ in August for 0200 CST, 

respectively. According to the warm/dry, or cool/wet bias in simulation within the PBL 

scheme (Hu et al., 2010), these negative centers for dew point at the urban areas, with 

maximum at -2.4 ℃ and -1 ℃ for each local time, indicate an enhanced intensity relative 

to the May case.  With a smaller increase in surface temperature and a weaker vertical 
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mixing, the PBL height difference for 1400 CST drops from 600 m to 400 m.  Although 

higher surface temperature in the daytime leads to higher ozone concentrations, other 

factors, like PBL height and wet deposition, influence the ozone difference between 

MODIS and USGS case for YRD. Compared to May, the dry case, the differences in 

ozone concentration in August case are smaller, especially for nighttime. 

2.5.4 Improved Predictions by Updating the Land-use by 

Comparing with Observations 

For both JJJ and YRD, two locations were selected to compare with observations; 

one site with little urbanization chosen as the base point, and the other site that has 

changed from farm-land or other non-urban types to urban area.  

At the base point (Figure 2.12.b and d ), USGS and MODIS outputs are close to 

each other with differences smaller than 5%, while for the urbanized locations (Figure 

2.12.a and c ), MODIS land-cover gives higher estimates, with maximum differences of 

~20 ppb. When compared with observations, MODIS outperformed USGS, reducing both 

Mean Bias and Mean Error and increasing correlations (Table 2.2). For urban points, 

PKU and XJH, the Mean Error improved by 14.2% (from 9.74 ppb to 8.36 ppb) and 

35.6% (from 10.97 ppb to 7.07 ppb). For the base points, compared to the urban points, 

MODIS produced some improvement, 5.8% for YF and 10.7% for JS. When compared 

with JJJ, YRD reacted more significantly than JJJ, suggesting a larger impact on dry 

seasons over wet seasons. 
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Figure 2.12 Comparisons between observation and simulations with USGS and MODIS 
land-use data at four locations: a) PKU, b) YF, c) XJH and d) JS 

Table 2.2Mean bias, mean error and correlation comparisons for ozone simulations in 

USGS and MODIS at four selected locations. 

 

2.6 Conclusions 

In this study, sensitivity in both meteorology and chemistry to change in land use 

due to urbanization were evaluated. After updating the land cover data, 2-m temperature 

increased in JJJ and YRD, with maximum values of 3.2 ℃and 2.4 ℃. Wind speeds 

decreased with a different diurnal pattern for two areas. For JJJ, the biggest reductions 

occurred during nighttime (1 m/s), while for YRD they occurred during daytime (1.2m/s). 

Negative dew point changes in urban areas indicated a dryer situation for both areas. The 

maximum change in dew point in JJJ (wet seasons) was over -3 ℃ and in YRD (dry 
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seasons) -2.4 ℃. PBL heights also increased during daytime by 400 m (JJJ) and 600 m 

(YRD) and nighttime by 120 m (JJJ) and 110 m (YRD). 

This study showed that, with the same emission inventory, updating the land use 

(after urbanization) produced higher ozone values for both areas, with the maximum over 

20 ppb in JJJ and 14 ppb in YRD. Analysis of a vertical cross section over demonstrated 

that the effects of urbanization resulted in stronger upward and downward drifts, which in 

turn change pollution distribution over a wide region.  

When compared with the available observations in both areas, MODIS gave a 

better performance of ozone concentration. For urban points, it reduced the mean error in 

JJJ by 14.2% (from 9.74 ppb to 8.36 ppb) and 35.6% (from 10.97 ppb to 7.07 ppb).  For 

base points, where urbanization is minor, it also improved the simulation by 5.8% (JJJ) 

and 10.7% (YRD). 

The MODIS data set used in this study was obtained in mid-2000s and already 

brought in a considerable change in WRF-Chem simulations, regarding both 

meteorological and chemical fields. Therefore, for simulation in late-2000s or the next 

decade more recent MODIS land cover product is needed to further update the land cover 

data set. The original MODIS land cover product, available yearly, contains 17 classes, 

which is a subset of the modified-MODIS data set used in this paper. There might be a 

limitation for further updating. We will further discuss this topic in next paper. 

In addition to the effects discussed here, urbanization also results in an increase in 

anthropogenic heat flux. This additional input of energy will further exacerbate of the 

effects discussed here. This is a topic of our ongoing studies. 
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CHAPTER 3 LAND-USE CHANGE BETWEEN MID-2000S 

AND BEFORE-INDUSTRIALIZATION IN BEIJING 

 

3.1 Abstract 

This study quantifies the maximum impacts from land-cover change on air quality 

modeling in China. Since it is a follow-up study, we adopt the exact same domain 

settings in Chapter 2, except land-cover data. Two parallel test runs are conducted using 

pre-industrialization land-cover and current land-cover data. Preliminary results show a 

significant improvement in 2-m temperature and high ozone episodes. Also different 

patterns of latent and sensible heat flux are simulated on urban cells. The maximum 

temperature increase is around 2 ℃ in Beijin  area. With a deeper PBL and  ore 

precipitation (28.8%) on urban cells, the simulations of surface ozone indicate a 

maximum increase about 20 ppb is expected in Beijing. 

3.2 Introduction 

In chapter 2, the land-cover change between 1992 and 2004 in Beijing area had 

been fully tested. Previous study has shown us how much impacts can be brought into 

model by certain land-cover change. And this drove us to find out the potential or total 

impacts from land-cover change. Therefore in this chapter a follow-up sensitivity test on 

the total impact of land-cover change is studied. We developed the pre-industrialization 

land-cover scenario with no urban land and then compared it with the current 

urbanization situation.  

There are some previous studies investigating urban heat islands. Hidalgo et al. 

(2008a) observed the urban-breeze circulation in France and found a warmer city center 

due to negligible evaporation and strong sensible heat flux. And PBL heights were 

expected to increase by 300 meters (Hidalgo et al. 2008b). Another study by Makar et al. 
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(2010) demonstrated that the regional ozone concentration is highly dependent on local 

circulations. Ryu et al. (2013) designed and tested land-surface impacts on ozone 

concentrations in Seoul and discovered that more ozone (13 ppb) is simulated in the 

urban area. However, fewer studies were performed in China area, where the rapidest 

urbanization occurs. In this paper, we are devoting to calculate the quantitative of 

maximum change and impacts from land-cover change.  

3.3 Methodology 

In this study, WRF-Chem (the fully coupled Weather Research and Forecast 

Model with Chemistry Module) is used as the simulation tool.  We use the same domain 

settings as in section 2.4.2 for Beijing area. For more information, please refer to Yu et 

al. (2012) and Yu et al. (2014). In order to investigate the absolute impact from land-

cover change, two similar tests are conducted with different land-cover data. One is using 

the MODIS data (retrieved by the methodology in section 2.4.1) and the other one is 

replacing those urban grids with its surrounding nature land. To distinguish two runs, we 

call the MODIS case reflecting current land-cover situation, the urban case and call the 

pre-industrialization case the cropland case. As shown in Figure 3.1 below, seven major 

land-cover types exist around Beijing area. They are Urban, Cropland, Water Body, 

Mixed Forest, Grassland, Barren land and Shrubland. Based on MODIS data from 2004, 

urban and built-on grids are replaced with its surrounding nature land type, in this case, 

mostly into cropland type. Besides this change, all of other surface characters and 

emission scenarios remain the same. 
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Figure 3.1 Dominant land types in cropland case and urban case in smallest domain 
 
 
 

3.4 Results and Discussion 

Two different runs (cropland case and urban case) were conducted from 0000 

UTC 01 August to 0000 UTC 31 August 2006. Some preliminary results are shown as 

followed. 

3.4.1 Data Validation with Observations 

Observation data is available on two sites, (PKU (116.31   , 39.99   ) and 

Yufang (116.31   , 39.51   )) from CAREBeijing 2006 field campaign. Since Yufang is 

the rural site in both cases, the simulations on it are highly similar. For this reason, the 

comparison on Yufang is not shown here. In this study, we focus on the changes on urban 

site to disclosure the total impact. Figure 3.2 is the statistical plots between observation 

and model results on PKU site. From the scatter plot, cropland case tends to 

underestimate 2-m temperature. The mean bias deduces from -2.82 ℃ to -0.42 ℃ by 

using current land-cover data. The improvement in ozone simulations is relatively 
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smaller in nocturnal scenarios. Both cases are likely to yield a higher ozone 

concentration at night, mainly due to insufficient emissions. However, urban case is 

able to better capture the high ozone episodes. The averaged peak time increase is 

as large as 10 ppb.  
 
 
 

Figure 3.2 Comparison between observations and simulations on PKU site 

3.4.2 Vertical Influences on Urban Cells 

The heterogeneity from surface (like paved and nature) together with heat release 

results in the urban heat island. The differences in temperature distribution further drive 

the formation of urban-breeze circulations. One modification within the surface energy 

balance is the heat flux redistribution. Figure 3.3 shows the averaged flux for sensible and 
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latent heat from urban surface. The major part of net radiation is converted into sensible 

heat in the urban case and into latent heat in the cropland case. The maximum value for 

sensible heat flux is around 250 W/m
2
 on 2 PM local time, while the maximum of latent 

heat flux appears at noon, highly correlated to solar radiations. Using paved surface in 

model introduces a very limited latent heat flux in urban cells. The maxima are less than 

30 W/m
2
, while using nature land-cover promises a continuous moisture flow from 

surface (the maxima over 300 W/m
2
).   This result is consistent with the previous study in 

urban circulations (Ryu et al., 2013). Vertical advection and re-distribution of heat flux is 

a key factor in representing urban circulations.  Another series of meteorological 

variables are extracted on urban cells for 10 AM, 1 PM and 4PM respectively (shown in 

Figure 3.4). The solid line is from cropland case and dotted line is urban case. Vertical 

pressures reveal an insignificant sensitivity to surface land-cover and diurnal changes 

(Figure 3.4.b). For both temperature and water vapor above PBL, the difference is 

relatively smaller. With regards to temperature simulations within the PBL, urban case 

gives higher value. The largest enhancement occurs at the surface (about 2 ℃ ) and it 

decreases rapidly with height. Water vapor in cropland case is much higher than 

that in urban case. Also the surface moisture maintains high values from the 

morning to the afternoon and a significant increase in moisture fields is also spotted 

around 0.8 km. This results from continuous vapor flow from surface evaporation 

and plant transpiration. Meanwhile in urban case, the moisture decreases by 0.001 

kg*kg-1 (~10 %) from morning to afternoon on surface and increases in the upper 

atmosphere. Different shapes for 10 AM, 1 PM and 4 PM demonstrates an intense 

vertical transportation up to 1.6 km above ground level. Besides these, when 

comparing the vertical profiles, urban case reveals stronger vertical updrafts and 

deeper PBL heights.  Figure 3.5 below is vertical profiles for temperature, pressure 

and relative humidity beyond PBL on urban cells. It is consistent with our findings in 

Figure 3.4. The differences between urban and cropland cases mainly exist within 
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PBL heights. Urban case tends to provide a dryer situation from the bottom to the 

top of atmosphere. Meanwhile a deeper PBL is expected in urban case. 
 

 
 

Figure 3.3 Sensible and latent heat distributions on surface in cropland and urban cases. 
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Figure 3.4 Vertical profiles for temperature, pressure and water vapor within PBL in 

cropland and urban cases 

Figure 3.5 Daytime and nighttime vertical profiles for temperature, pressure and relative 
humidity from surface to 8 km above ground. 
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3.4.3 Spatial Influences in 3
rd

 Domain 

Figure 3.6 shows the monthly-averaged spatial difference plots in 3
rd

 domain for 

2-m temperature, PBL height, precipitation, vapor, ozone and NOx concentrations. The 

arrows represent the wind direction. With more anthropogenic heat emissions and less 

vapor inside Beijing, the urban case produces higher surface temperatures. The maximum 

temperature difference is 1.6 ℃ in Beijin  and 1 ℃ in Tianjin. Also in the difference 

plots, wind difference around cities indicates a converged pattern, which is part of 

the urban-breeze circulation during daytime.  Because of this reinforced updrafts 

driven from temperature gradients, the PBL extended in urban case by as large as 

600 meters.  Intense convection and moisture re-distribution brings in more 

rainfalls (28.8% or 160 mm) in urban case. As we discussed before in Chapter 4.3.2, 

a dryer surface is expected in Beijing area. Several factors contribute to this drought 

on urban cells. More vapor is transported into upper layers and also more 

precipitation in Beijing could further decrease surface humidity. Despite of extended 

PBL heights, surface ozone simulations in urban case still show a significant 

enhancement on urban cells. The increase is more than 20 ppb. Comparing with 

ozone enhancement in chapter 2.5.2, this finding reveals another 6 ppb increase.  
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Figure 3.6 Monthly-averaged spatial difference plots in 3rd domain for 2-m temperature, 
PBL height, precipitation, vapor, ozone and NOx concentrations 

3.5 Conclusions 

Based on the study in Chapter 2, we analyze another land-cover impact in Beijing 

area. In this chapter, two different land-cover data are used. One is from MODIS and the 

other one is reflecting the pre-industrialization scenario. 

Significant improvements are found out on PKU site, with mean error decreases 

by 2.4 ℃ for surface temperature simulations. Urban case is also capable to improve 

 odel’s reliability durin  hi h ozone episodes. Further analysis in vertical 

distributions helps to understand vertical dilution and transportation for chemical 

species. Cropland case tends to convert net radiation into latent heat flux, while 

urban case focuses on sensible heat. A warm and dryer surface is simulated in urban 
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case, which is consistent with our findings in Chapter 2. For ozone concentration, 

despite of the dilution effects from extended PBL, changing land-cover seems to 

worsen the air quality on surface. The maximum increase is as large as 20 ppb, a 

further 6 ppb increase compared to Chapter 2. 
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CHAPTER4SENSITIVITY OF PREDICTED POLLUTANT 

LEVELS TO ANTHROPOGENIC HEAT EMISSIONS IN 

BEIJING 

 

4.1 Abstract 

A new parameterization method for anthropogenic heat (AH) parameterization 

(called NewLUCY) is developed in the WRF-Chem model, which estimates hourly heat 

fluxes with a single-peak diurnal variation pattern and utilizes updated urban built-up 

land use data. The impacts of accounting for anthropogenic heat (AH) fluxes on the 

meteorology and air quality of the Greater Beijing area are studied using this upgraded 

WRF-Chem model system. Including AH is shown to increase the surface temperature by 

0.8 ℃in daytime and 1.2 ℃ at nighttime. The Planetary Boundary Layer (PBL)heights 

are also increased, with a maximum enhancement exceeding 320 m during daytime and 

160m at night. Spatial and vertical distributions of the simulated pollutants are also 

impacted by the AH. Surface ozone concentrations increase in the urban areas (4ppb for 

daytime and 18 ppb for nighttime) when AH is included in the analyses.  Moreover, the 

impacts of AH are not limited to the urban centers, but extend regionally. For example, 

the simulated PM2.5 concentrations increase in the rural areas as well, due to a decrease 

in rural precipitation rates when AH is included.  In general, incorporations of AH 

increase the accuracy of the predictions to observations. At the Peking University site 

(PKU), the mean error (ME) of the 2-m temperature prediction is reduced from 1.55 ℃ to 

0.61 ℃. The predictions of the high ozone episodes are also improved. 
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4.2 Introduction 

Driven by economic and population growth in China, rapid urbanization has been 

ongoing ever since 1980s when reform and open-door policies were initialed. The built-

up area in Beijing increased from 184 km
2
 in 1973 to 1210 km

2
 in 2005 (Mu et al., 2007). 

According to the sixth national census in China (2010) and Van de Poel et al. (2012), the 

percentage of urban population has increased from 20% in 1980 to nearly 50% in 2010. 

Yan et al. (2012) found that rates of hypertension and inflammation have also increased 

with urbanization.  Hence, it is important to understand how urbanization impacts local 

meteorology and air quality. Based on this understanding better mitigation strategies can 

be developed. 

Urbanization impacts the atmospheric environment in many ways. These include 

increases in pollution emissions from intensification of transport and economic activities, 

and changes in surface albedo. Another impact is associated with changes in sensible heat 

due to intense human energy demand in urban environments. In most air quality 

modeling applications, the surface sensible heat flux is calculated via 

QH = Fveg*Qveg+Furb*QHurb                                (1) 

Where QH is the total sensible heat flux from the surface to the lowest 

atmosphere layer, Fveg is the fractional coverage of vegetation, QHveg is the sensible heat 

flux from vegetation cover, Furb is the fractional coverage of urban and the built 

environments, and QHurb is the sensible heat flux from the urban cover. 

Urbanization results in land-cover change from vegetative to urban (built-up and 

paved) surfaces, which modify the values of Fveg and Furb in equation 1. Land-cover 

changes lead to surface temperature increase, Planetary Boundary Layer (PBL) height 

increase and an enhancement in surface ozone concentration, which has been discussed in 

details in previous studies (Yu et al., 2012). A second impact is the additional heat release 

due to human activity, a major contributor to the Urban Heat Island (UHI) (Taha, 

1997).With anthropogenic heat (AH) emissions, QHurb will be enhanced.  
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AH only contributes about 0.3% of the total energy emitted by the atmosphere 

and ocean circulation (Zhang et al., 2013), but it can directly alter the surface energy 

balance and chemical production and destruction rates. Several previous studies have 

focused on urban AH emissions. For instance, Fan et al. (2005) showed that the AH 

release in Philadelphia, US can increase the nighttime temperature by 2-3 ℃ for winter 

and change the structure of the nocturnal PBL. Moriwaki et al. (2008) did a similar 

analysis in Tokyo Japan and found the daily maximum AH emissions in August exceeded 

25 W/m
2
. The annual mean AH emission for Greater London, were estimated by 

Lamarino et al. (2012) to be10.9 W/m
2
 for the period 2005 to 2008. With AH emissions, 

Ryu et al. (2013) simulated a stronger urban-breeze circulation in megacity and a higher 

ozone concentration (averaged 3.8 ppb) over the urban area. There have been few studies 

on AH emissions in China. He et al. (2007) incorporated AH into PBL model for Nanjing 

2002 and found a temperature increase (0.5~1 ℃) at night. Feng et al. (2012) estimated a 

0.35 ℃ difference by adding a fixed AH emission to Beijing area. However, most of the 

previous studies only focused on the influence of AH on the meteorological fields, but 

our study will estimate also the impacts on local air quality. Instead of using limited local 

emission data, a methodology to develop AH emission is also needed for China cities. 

In this paper, we focus on (1) how to estimate the AH emissions in China, (2) 

implementing of the improved AH flux parameterization into WRF-Chem model, and (3) 

evaluating its impact on meteorology and air quality. Beijing, the capitol of China and the 

financial center for Northern China, has a population of about 19 million (the sixth 

national census in China, 2010).  The urban built-up area has expanded for over 10 times 

in the past 30 years. Ozone, PM10, PM2.5 has been proved primary pollutants in Beijing 

(Duan et al., 2008; Wu et al., 2011; Gao et al., 2012) and air quality is associated with 

inflammation, hemostasis and many other kinds of illness in Beijing (Zhang et al., 2013). 

Our upgraded WRF-Chem model system with the new AH parameterization is applied 

for the Greater Beijing area to demonstrate the impact of the additional heat source on the 
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air quality and meteorology of the region. These impacts are evaluated in addition to the 

impacts from land use change we reported in Yu et al. (2012). 

4.3 Description of Study Area, Tools and Data 

The study area is the Greater Beijing Area. The study domains and configurations 

have been described in Yu et al. (2012).Three nested domains, with resolution of 81 km, 

27 km, and 9 km respectively, were employed (Figure 4.1). The largest domain covers 

East Asia, including the whole China. The smallest domain was centered over Beijing, 

and also included its surrounding large cities.  WRF-Chem V 3.1.1(Grell et al., 2005) has 

been proved to be a reliable tool in simulating air quality from city-scale to meso-scale in 

China (Tie et al., 2013; Jiang et al., 2012; Li et al., 2011). In this study a configuration 

that includes direct and indirect feedbacks was used. The model top was set as 10 hPa 

with 28 vertical layers. The Single Layer Urban Canopy Model (SLUCM) (Kusaka et al., 

2001), using default urban parameters, was chosen as the urban surface scheme. The 

Carbon Bond (CBMZ) chemical mechanism and MOSAIC using 4 sectional aerosol bins 

(Fast et al, 2006) were used. We used the Intercontinental Chemical Transport 

Experiment Phase B (INTEX-B) (Zhang et al., 2009) as anthropogenic emissions and the 

Model of Emissions of Gases and Aerosols from Nature (MEGAN) Version 

2.04(Guenther et al., 2006) for biogenic emissions. Land-cover data is from MODerate 

resolution Imaging Spectro radiometer (MODIS) (Yu et al., 2012). Further details 

regarding the model configuration can be found at Yu et al. (2012).  
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Figure 4.1 three nested domain settings for the Greater Beijing 

 
 
 

Observation data was from the Campaign of Air Quality Research in Beijing 

(CAREBeijing) 2006. It was initiated by the Beijing Municipal Environmental Protection 

Bureau (Beijing EPB) and Peking University (PKU).In this study data in August 2006 

from CAREBeijing campaign (Wiedensohler et al., 2009) at the urban site located in 

Peking University (PKU, (116.31°E, 39.99°N)) was used to evaluate the model results. 

4.4 Methodology for Estimating AH Fluxes 

Within the WRF-Chem model, there are currently two different ways of including 

AH. One is using the urban scheme SLUCM (Single Layer Urban Canopy Model) with 

the option for AH (Chen et al., 2011). With this method, the AH for each grid is 

determined by two factors: a fixed temporal diurnal pattern and the urban fraction value 

on each grid. This uniform diurnal pattern has two peaks, in the morning and afternoon 

(Chen et al., 2011). Based on Single Layer Urban Canopy Model, this method is called 

SLUCM. The second method is to input self-generated anthropogenic emissions into 

WRF-Chem. For the second method, we adopted LUCY (Large scale Urban 

Consumption of energY model) (Version 3.1) as our AH emission model. This is a global 

AH emission model developed by Sue Grimmond, King’s College London UK and the 
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outputs vary with time of day, time of year and the location (Allen et al., 2011). LUCY 

produces a temporal diurnal pattern, with one peak value in the afternoon to reflect the 

major contribution from office buildings. Recent studies had confirmed that limited 

variations from LT (Local Time) 0700 to LT 1800 and also the percentages of traffic 

section (only around 10% to 15%) developed the diurnal pattern for mega cities into one 

peak shape (Ichinose et al., 1999; Offerle et al., 2005; Narumi et al., 2009). 

4.4.1 Sensitivity Cases for AH Emissions 

Three test runs were conducted in the Greater Beijing area from 0000 UTC 01 

August to 0000 UTC 31 August 2006. These were simulations with no AH emissions and 

runs using the two different methods.  

Figure 4.2.a &4.2.b show the spatial plots of the maximum AH release (at 1400 

local Time (LT)) for SLUCM (a) and LUCY (b). For the SLUCM module, the maximum 

value is 50 W/m
2
 in the city centers of Beijing, with decreasing gradients towards the 

suburban and rural areas. LUCY gave higher peak values (more than 90 W/m
2
). However 

the heat distribution for LUCY is spatially limited to only the largest city centers. 

Figure 4.2.f gives the AH heat fluxes at the PKU location for the two different 

methods and base run. The LUCY method produces slightly higher estimates with a 

single peak (around 250 W/m2), while the SLUCM produces a double peak. This AH 

changes the upward sensible heat fluxes (HFX), a crucial parameter for energy and 

momentum exchange in the lower atmosphere and also a major contributor for urban-

breeze circulation. After adding the AH into WRF-Chem, there is an enhancement in 

HFX as large as 40 W/m
2
 for SLUCM and 45W/m2 for LUCY case (Figure4.2.d).  The 

average 2-m temperatures increase by 0.5 ℃ in the SLUCM case and 0.4 ℃in the LUCY 

case (Figure 4.2.e) with the addition of AH. 
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Figure 4.2 Spatial plots for the maximum AH release: a) SLUCM b) LUCY and c) 
NewLUCY cases. Temporary plots on PKU site for d) HFX and difference, e) 

Temperature and difference, and f) AH. 
 
 
 

4.4.2 NewLUCY Parameterization 

The differences in the spatial distributions of the heat fluxes are important. A key 

issue in any urban heat estimate is to ensure that the urbanized land use used in the model 

is reflective of the time period analyzed. This is particularly true in places like China that 

d) 

e) 

f) 
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are developing rapidly. To illustrate, the PKU site was a suburban location into the 

1990s. However, with rapid urbanization in Beijing, it has been completely changed into 

urban surface (96.2% urban fraction) in the mid-2000s. The default data sets used in 

LUCY including urban fraction, population census and power consumption statistics for 

China are reflective of earlier time periods. Hence LUCY underestimates the AH 

emission at PKU by giving a value of only 50 W/m
2
, while estimating other old-town 

grids over 90 W/m
2
. 

SLUCM and LUCY have their own advantages and dis-advantages in estimating 

AH flux (Table 4.1). A new estimate of AH, called NewLUCY was developed by 

combining the advantages of both SLUCM and LUCY, including more realistic urban 

shape from SLUCM, more reliable peak values from LUCY and one-peak diurnal pattern 

from LUCY. For every single hour, an AH value was assigned on each grid according to 

its new urban fraction (MODIS data, mid-2000s) and the maximum AH from LUCY on 

that specific hour. The generated AH estimates from NewLUCY are shown in Figure 2.c) 

for the greater Beijing area. The spatial pattern now reflects updated urban development 

and peak values. Figure 2f reveals more clearly the differences between the various 

models, including the timings of the peaks, and enhanced fluxes with peak values of 

nearly 90 W/m
2
at PKU. 

 
 
 

Table 4.1 Advantage and disadvantage for SLUCM and LUCY 
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4.5 Results and Discussions 

The impacts of AH inputs based on the NEW_LUCY hourly emissions are 

compared to the no AH simulations and the results are discussed below. 

4.5.1 Spatial Impacts from AH 

4.5.1.1 Local Meteorology Changes 

Figure 4.3a-b shows monthly-averaged difference plots (with AH minus without 

AH) of 2-m temperature and winds at 1400 and 0200 Local Time (LT), respectively.  The 

arrows inside Figure 4.3 represent the wind velocity and direction differences. For city 

centers like Beijing and Tianjin, adding AH leads to an increase in both daytime and 

nighttime temperature, generating an enhanced Urban Heat Island. The nighttime 

maximum increase (1.2 ℃) is larger than that in the daytime (0.8 ℃), forming a 

weakened diurnal variation of 2-m temperature. 

 
 
 

Figure 4.3Monthly-average spatial distribution for daytime and nighttime temperature 
differences (a-b) and PBL height differences (c-d) in Greater Beijing area. The 
differences in wind velocity and directions are also presented. The red circle 

indicates Beijing. 
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The Planetary Boundary Layer plays an important role in influencing surface 

pollution concentrations at the surface. Adding AH increases the PBL heights in the 

daytime and nighttime (Figure 4.3c-d). The maximum increase for daytime is as much as 

320 m and 160 m for nighttime for Beijing area. The relative increase in PBL is bigger at 

night than for daytime due to the fact that the absolute values are lower in night than in 

day and temperature increases more during nighttime.  

The changes in winds show that in populated areas AH causes an urban-breeze 

circulation with a stronger convergence wind pattern in the afternoon and a more 

divergent wind pattern in the nighttime (see the red circle). This phenomenon 

demonstrates a strengthened (by nearly 20%) urban-breeze circulation, which is 

consistent with Chen et al. (2009) and Ryu et al. (2013). 

 
 
 

Figure 4.4 Monthly-average spatial distribution for daytime (a) and nighttime (b) RH 
differences in Greater Beijing area. The red circle indicates Beijing. c) Total 

rainfall difference. d) Vertical profile of water vapor for urban areas. 

After adding the AH fluxes the energy balance between the surface and 

atmosphere is re-established by altering the sensible and latent heat fluxes, and the spatial 

and vertical distributions of moisture. Figure 4.4.a and 4.4.b show the spatial plots for 
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monthly-averaged surface relative humidity differences at 1400 and 0200 LT. Both 

daytime and nighttime differences show a negative center (-4%) over the AH centers, 

meaning the air near the surface became dryer. The vertical moisture distribution is 

modified as the AH is dissipated into the atmosphere and more rainfall is produced (+180 

mm for August 2006 or 30%) in Figure4.4.c. Figure 4.4.d shows the vertical plot for 

water vapor over PKU. Consistent with Figure 4.4.a and b, it shows a dryer surface layer. 

Due to the strengthened urban-breeze circulation, more moisture is transported to the 

mid-troposphere (around 1.5~2 km), and also enhance rainfall inside urban areas (Figure 

4.4.c). 

4.5.1.2 Local Chemical Variables 

Figure 4.5 shows the monthly-averaged concentration differences for chemical 

parameters due to AH at 1400 and 0200 LT. Carbon monoxide is reduced at all times, 

due largely to the increase in daytime PBL, and an even larger relative increase in 

nighttime.  The maximum for nighttime CO decrease is more than 160 ppb, while 

daytime decrease is around 80 ppb for Beijing.  NOX differences are similar to CO, with 

both daytime and nighttime decreases over urban areas. Ozone changes are more 

complicated as its concentration levels also depend on the chemical production and 

destruction processes which depend on temperature, relative humidity, sunlight and the 

concentrations of precursor species (e.g., NOX and CO). Temperature increases 

accelerate ozone production by raising reaction rates, and increases in PBL heights dilute 

the concentrations of NOx inside PBL, which in urban areas should increase ozone 

production efficiency during the day, and decrease the destruction by reaction with NO 

during the night.  Overall, the net impact of adding AH is to increase ozone 

concentrations over urban areas in both daytime and nighttime. The maximum increase 

for the Beijing area is around 4 ppb for daytime and over 18 ppb for nighttime. For 
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suburban areas, where AH fluxes are smaller, the differences between the two runs are 

smaller.  

Figure 4.5.c shows the spatial plot for PM2.5 difference. PM2.5 concentrations 

decrease in the urban area (by 12     ), due to a strengthened urban-breeze circulation 

and more wet removal from rainfall. Rural areas with increases (2~4      ) in 

concentrations occur in regions with lower precipitation rates and less wet removal 

(Figure 4.5.c). 

 
 
 

Figure 4.5 Monthly-average spatial distributions for daytime and nighttime pollutant 
differences in Greater Beijing area, a) ozone, b) NOX, c)CO and d) PM2.5. 

The red circle indicates Beijing. 
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4.5.2 Vertical Impacts from AH 

The topography of Beijing plays an important role in pollutant transport. In 

summer Beijing area is under the influence of the East Asia Monsoon. The dominate 

direction for background wind is from the southeast. Figure 4.6 shows the terrain height 

in our simulated domain. It changes dramatically from 0 m to 1800 m within hundreds of 

kilometers, which generates a 3-d valley-breeze circulation.  Superimposed on these two 

flow features is the urban-breeze circulation. Adding AH reinforces this urban 

circulation. To better understand how urbanization and AH change the vertical and 

spatial distribution of meteorology and chemical species, we show changes along a cross-

section from (40.6 ° N, 115.6 ° E) to (39.6 ° N, 116.7 ° E) as shown by the black solid 

line in Figure 6a. Figure 6b shows the NewLUCY heat release along this cross-section 

line. Urban grids cover from grid 8 to grid 12. For daytime the maximum of heat release 

is~ 84.4 W/M2. 

 
 
 

Figure 4.6 Terrain height plot in Greater Beijing area (a) and black line indicated the 
cross-section location and NewLUCY heat on this line. b) The New-LUCY 

heat release along this cross-section line. 
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Figure 4.7 shows the vertical differences (NewLucy case minus No-AH case) of 

temperature and water vapor along this cross-section. Arrows represent the wind velocity 

and direction differences.  During daytime the near surface atmosphere is heated by the 

additional heat release from human activities and more heat is transferred upwards as the 

PBL increases. This is accompanied by an increase in vertical flow (shown in red box in 

Figure 4.7) over the urbanized grids with the strengthening of the urban-breeze 

circulation. The decrease in temperature at around 2 km above ground corresponds to a 

region of increase in water vapor. This results in more cloud-formation and a decrease in 

temperature.  For nighttime, temperature increases are relatively smaller at the surface 

and limited to a lower portion of the atmosphere. 

 
 
 

Figure 4.7 Daytime and nighttime vertical plots from point (40.6° N, 115.6° E) to (39.6° 
N, 116.7° E)  (shown as the black line in Figure 6a)for temperature and water 

vapor 
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Figure 4.8 shows the vertical plots on the cross-sectional line for chemical 

species. The AH flux decreases surface CO concentrations near the surface in daytime 

and nighttime due to the increases in the PBL. There is also an increase in CO above the 

PBL and this is quite similar to the pattern for water vapor. This indicates that this is a 

reflection of the change in transport patterns in the region due to AH. NOX changes are 

analogous to carbon monoxide. Ozone levels over the urban areas and downwind regions 

show increases in near surface ozone for day and night periods of between 2-5 ppb. The 

maximum increase in ozone is found about 2 km over the urban area during the day, with 

values as large as 18 ppb. This is the result of both transport and the increase in ozone 

production as more NOX and other ozone precursors are transported into these upper 

levels. At night the higher levels of NOX above the boundary layer cause an increase in 

ozone depletion and a decrease in ozone. The differences in PM2.5 show a strong 

transport from surface to upper atmosphere (around 2 km from ground), leading to an 

accumulation center with enhancements as large as 18      .  The asymmetric 

difference centers in Figure 8 can be well-explained by enhanced urban-breeze 

circulation interacting with local valley-breeze circulation (Ryu and Baek, 2013). The 

opposite direction of urban and valley breeze in northwest side of Greater Beijing area 

makes total wind decrease and limits pollutants transport,  while in the southeast part, the 

same direction of urban and valley wind reinforces total wind and help diluting chemicals 

(Figure 4.8). 
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Figure 4.8 Daytime and nighttime vertical plots from point (40.6° N, 115.6° E) to (39.6° 
N, 116.7° E)  (shown as the black line in Figure 6a)for ozone, CO,NOX and 

PM2.5 

In order to better understand the vertical transport of the chemical species, two 

sets of horizontal distributions were made at different altitudes (Figure 4.9).  For daytime, 

level of 1800 m was interpolated which is the corresponding height of the positive 

enhancements, and 570 m was chosen for nighttime. Horizontal winds diverge over cities 

at daytime and converge at nighttime, the opposite direction to surface wind, which 

reinforce the urban-breeze circulations. These wind changes also lead to the re-

distribution of pollutants. For instance, more daytime CO and other chemicals (including 

both gas-phase and particles) are transported from the surface to this layer, causing an 

accumulation center. Nighttime winds converge over urban areas at high altitude, 
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bringing these transported and diffused chemicals back from the sub-urban areas. As a 

result, ozone destruction increase substantially and PM2.5 increase (Figure 4.9). 

 
 
 

Figure 4.9 Spatial plots for Ozone, NOX, CO and PM2.5 for daytime at 1800m and 
nighttime at 570m 

4.5.3 Comparison with Observations 

Figure 4.10 shows a comparison between observations and simulation sat the 

PKU location. HFX is enhanced with the addition stream of the AH flux. The medium 

increase was as large as 70 W/m
2
 (Figure 10d). The 2-m temperature predictions were 

improved as shown in Figures 4.10.a, b and c, and the Mean Error (ME) decreased from 

1.55 ℃ (No-heat Case) to 0.61 ℃ (NewLUCY Case). However, the NewLUCY results 
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still underestimate 2-m temperatures by as much as 2 ℃ for high temperatures (>30℃) as 

shown in Figure 4.10.b. This could be an indication that under high temperature days the 

AH is underestimated and does not reflect the added energy needs associated with peak 

air condition loads. Nighttime temperatures are much better represented when including 

the AH in (Figure 4.10.b). For ozone simulations, adding AH improved the daytime 

predictions, especially for the most relevant concentration levels for air quality 

management (above about 60 ppb (Figure 4.10.h). For these high ozone periods (> 60 

ppb) the ME for ozone was reduced from 4.34 ppb (No-heat) to 0.21 ppb (NewLUCY). 

 
 
 

Figure 4.10 Statistical, box and cumulative frequency plots between observations and 
simulations at PKU site. 
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4.6 Conclusions 

Urbanization impacts the atmospheric environment in many ways. In addition to 

the increases in pollution emissions from intensification of transport and economic 

activities, changes in surface albedo due to land use changes and the built environment 

can affect the meteorology and air pollution levels in the city. In greater Beijing area, we 

found that land use changes due to urban growth increased temperature (by 2.4 ℃) and 

surface ozone concentration (enhanced by 20 ppb) (Yu et al., 2012). In this paper we 

addressed the impact of anthropogenic heat (AH) release on the city environment. A new 

method for including AH emissions, NewLUCY, was developed based on two known 

methods (SLUCM and LUCY). The method estimates hour heat fluxes, with a diurnal 

variation with a single peak value and utilizes updated urban built-up land use data. 

Inclusion of the AH enhanced the urban heat island in Beijing, by increasing temperature 

by 0.8 ℃in daytime and 1.2 ℃at night. It also increased the PBL heights by 320 m and 

160 m for daytime and nighttime, respectively. The urban-breeze circulation was 

strengthened when AH was included in the simulations. Pollutant spatial and vertical 

distributions were also impacted by the AH. Surface ozone concentrations increased in 

the urban areas (4 ppb daytime and 18 ppb nighttime).  The impacts of AH were not 

limited to the urban centers, but extended regionally. For example, PM2.5 concentrations 

increase in rural areas, due to a decrease in rural precipitation rates when AH was 

included.  In general inclusion of AH increased the accuracy of the predictions. Atthe 

PKU observation site, the ME (Mean Error) of the 2-m temperature prediction was 

reduced from 1.55 ℃to 0.61 ℃. The predictions of the high ozone levels were also 

improved. These results show that the air pollution predictions in and around large urban 

areas are highly sensitive to the land use changes and anthropogenic heat inputs. It is 

important that these factors be included when simulating air pollution in large urban areas 

such as Greater Beijing.  Further improvements in city-scale air pollution predictions 
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require better information on land use and detailed urban structure of the cities and more 

studies of the anthropogenic heat release in these environments.   
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CHAPTER 5 ANTHROPOGENIC EMISSION IMPACT 

FROM URBANIZATION IN CHINA BY USING WRF-

CHEM 

5.1 Abstract 

Rapid population growth and economy boost have driven a trend in energy 

consumption increase in China. Based on the current energy sources profile, the 

emissions of criteria air pollutants are expected to grow. This study focuses on emission 

impacts from urbanization on air quality modeling. WRF-Chem is employed to include 

two-way feedbacks between the meteorology model and the chemical transport model. In 

this paper, we study two different emission inventories, INTEX-B for the year 2006 and 

MICS for 2010. Great mitigations for emissions occurred around Beijing area due to 

success in government regulations before and after Beijing Olympics. In contrast, another 

city (Tangshan) becomes the major emission contributor in North China Plain. 

Comparing to observations, MICS produces a more reliable simulation of NOx and other 

pollutants. Also using MICS emissions tends to increase the possibility of precipitation in 

city area and decrease precipitation in suburban. Vertical profile investigation reveals a 

different distribution of PM2.5 for using different emission inventories. More PM2.5 

(around 20      ) near surface and less (around 10       ) PM2.5 in upper 

troposphere are found in the MICS case.  
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5.2 Introduction 

With rapid increase in population and industry, energy consumptions in Asia 

tends to contribute around 30% of the worldwide total by 2015 and 80% of it comes from 

fossil fuels (Shah et al., 2000). And this trend in Asia will continue to increase in the 

future (Akimoto et al., 2003). More anthropogenic emissions are expected from fossil 

fuel combustion. Between 1980 and 2003, the emission for SO2, NOx and NMVOC 

increased by 119%, 176 % and 108%, respectively (Ohara et al., 2007). Increased 

emissions in greenhouse gases and ozone precursors will bring in a more polluted 

ambient air scenario (Hogrefe et al., 2004).   

Many previous studies have focused on rapid emission change in China. Ohara et 

al. (2007) revealed an extremely high growth for NOx in China after 2000. SO2 

emissions were projected to have a slower growth and only reached 40-45 Th/yr  by 2020 

(Carmichael et al., 2002), due to emission controls and slow-down growth for China’s 

economy. Zhang et al. (2006) calculated a 36%, 55%, 18% and 29% increase between 

2001 and 2006 for SO2, NOx, CO and VOC, respectively. Tsinghua University in China 

developed a multi-resolution emission inventory. The Figure 5.1 (Wang et al., 2014) 

below is emission trends from 1990 to 2010. The growth for NOx and CO2 accelerates at 

an extreme rate since 2000 in all sectors. The total emission of SO2 showed a decrease 

trend after 2005, with a major reduction in the power section, indicating a success in 

FGD (Flue-Gas Desulfurization) device implanted in power plants.  

However, fewer of these studies evaluated the emission impact on air quality. And 

even fewer studies took the emission feedback into consideration. In this study, we 

investigate this emission increase as a third impact from urbanizations by using an 

“online” model, WRF-Chem. 
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Figure 5.1 Emission trends in China from 1990 to 2010 for each species. 

5.3 Description of Study Area, Tools and Data 

WRF-Chem is new generation model, which couples meteorology model (WRF) 

with the chemical transport model step by step (Grell et al., 2005) and has been proved as 

a solid simulation tools (Yu et al., 2012) (Jiang et al., 2012) (Wang et al., 2012) (Tie et 

al., 2013). The major reason for employing WRF-Chem is that it enables model’s ability 

to access emission impact on meteorology field. 

Three-nested domains are employed to evaluate emission impact. The study area 

is same as Yu et al. (2014). For more detailed information, please refer to section 4.3 in 

this paper.  

Two different emission scenarios are used in this study. Both of them are 

developed by Dr. Qiang Zhang from Tsinghua University, China. The first one is called 
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the Intercontinental Chemical Transport Experiment-Phase B (INTEX-B) funded by the 

National Aeronautics and Space Administration (NASA). The data is collected for the 

year 2006. INTEX-B now is available at CGRER website: 

http://cgrer.uiowa.edu/projects/emmison-data.  The second emission data is from MEIC 

(Multi-resolution Emission Inventory for China. And it reflects anthropogenic emissions 

for the year 2010. Data is downloaded from ftp://166.111.42.46/.  

5.4 Emission Change from 2006 to 2010 in China 

Emission pre-processing in this study is conducted by the EPRESS code, 

developed by Dr. M. Lin and modified by Dr. Y. Cheng in CGRER at University of 

Iowa. Figure 5.2 shows the projected emission on the first domain for INTEX-B and 

MICS, respectively. Overall, emissions in China increase from 2006 to 2010, in both 

magnitude and spatial area. The regional pattern is extended from eastern coastline to 

west direction, corresponding to the direction of urbanization expansion in China. 

Besides China, South Korean is also going through a rapid growth in pollutant emissions, 

especially for isoprene and other NMVOC. Since the resolution of INTEX-B is 0.5-

degree ×0.5-degree and MICS is 0.25-degree × 0.25-degree, more cities with large 

emissions in CO, NO2 and PM2.5 appear on the emission plot in 2010. The large dots in 

Figure 5.2 represent the large cities (like Kunming, Huerhaote, etc.) in China. In these 

two inventories, only four sectors (Industry, residential, Transportation and Power) of 

PM2.5 are included. Figure 5.3 is the spatial difference for projected emissions between 

2006 and 2010 in domain 03. Within the smallest domain, due to emission regulations 

after the 2008 Olympics, the enhancement around Beijing area is relatively smaller than 

other cities, especially urban Beijing area. In contrast, the high center around (118.2   , 

39.5   ) corresponds to Tangshan, the biggest city in Hebei Province. Under Chinese 

government pressure and regulations in Beijing and Tianjin, steel and automobile 

manufacture companies tend to relocate in Heibei Province, mostly Tangshan. This and 

http://cgrer.uiowa.edu/projects/emmison-data
ftp://166.111.42.46/
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other factors have driven a trend for extremely increase around Tangshan area. In the 

future, more emission strategies and regulations should be implemented and highly 

recommended in Tangshan. 

 
 
 

Figure 5.2 Projected emissions on Domain 01 for INTEX-B and MICS 
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Figure 5.3 Regional differences in emissions from INTEX-B to MICS in third domain 

5.5 Results and Discussions 

Two identical runs, except for different anthropogenic emissions were performed 

from August 01 to August 31 2006. Results are shown in this chapter.  

5.5.1Temporal Plots on Urban and Suburban Points 

To compare with available observations from CAREBeijing 2006, we extract 

temporal simulations on two locations, PKU (116.31  , 39.99  ) and Yufang (116.31  , 

39.51  ). In Figure 5.4, simulations using INTEX-B and MICS yield nearly identical 

meteorological results on urban point (PKU), while tends to overestimate 2-m 

temperature on suburban point (Yufang). Heat flux from surface also illustrates a slight 

decrease by using emission data from 2010. Case by MICS 2010 inventory is likely to 

predict a more polluted scenario for both urban and suburban points, with higher 
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concentrations in ozone, NOx, and PM2.5.  The average enhancement in PM2.5 is about 

55      .With regards to observations at PKU site, significant improvements in NOx 

simulation are achieved by using MICS inventory, by reducing mean error by 8.2 ppb. 

On Yufang site, MICS also helps reduce the false peak value for NOx on August 19 and 

August 22 2006.  

 
 
 

Figure 5.4 Temporal plots for observations and simulations using INTEX-B and MICS 
emissions. 

5.5.2 Sensitivity on Precipitation and Vertical Profile 

As we discussed before, MICS case produced higher particulate matter 

concentrations near the surface. Particulate matter plays important roles in cloud 

nucleation mechanism and precipitation fields. In summertime Beijing, the dominant 
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wind (Asian Monsoons) brings in moisture and vapor from the Pacific Ocean, making it a 

wet season (Sun et al., 2007).  Figure 5.5 shows the accumulated rainfall in each run and 

their differences. For urban areas in both cases, higher concentration of particles enlarges 

the possibility in precipitations (Figure 5.5). 520 mm rainfalls are found in Beijing and 

Tijian. Comparing to INTEX-B, MICS increases the precipitation by 100 mm (~20%) in 

Beijing and its downwind area, while decreases precipitation in upwind area.  

 
 
 

Figure 5.5 Regional plots for total rainfalls in each case and their differences. 

To better understand the different results using INTEX-B and MICS emissions, 

another differences plot for PM2.5 on vertical layers are shown in Figure 5.6.  Layer 1 

represents the bottom atmosphere layer near the surface and Layer 14 is about 4.8 km 

above the surface. Higher particulate matter concentrations are discovered in MICS case 

on Beijing and southern Beijing areas. The maximum difference is about 20      . 

When altitude increases, the discrepancy tends to decrease. Around layer 9, about 1.6 km 

the difference is zero. Finally, in layer 14, INTEX-B results in a higher concentration 

(about 10      ) for particles. This is consistent with vertical plots in Figure 5.7, where 
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a cross-section is studied. The black line in Figure 5.7 shows the cross-section location. 

MICS gives higher estimations in downwind direction and lower values in the upper 

atmosphere. 

 
 
 

Figure 5.6 Spatial plots for PM2.5 difference on different vertical layers 
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Figure 5.7 Vertical distribution of PM2.5 on a cross section (indicated in the left panel) 

5.6 Conclusions 

Anthropogenic emission is a key factor for air quality simulation and forecasts. 

With rapid urbanization rate in China, increasing release of these criteria pollutants tends 

to worsen air quality, especially for urban area. In this study, we use WRF-Chem to 

evaluate the emission impact.  

Two different emission inventories were adopted in this study, INTEX-B and 

MICS. Both of them are developed by Dr. Qiang Zhang using the same methodology. 

INTEX-B reflects the emission scenario for the year 2006, while MICS is for 2010.  

From preliminary results, the growth of emissions inside Beijing area is largely 

slow down by effective regulations. For urban points inside Beijing, the meteorology 

simulations manifest a high similarity between INTEX-B and MICS case. MICS case 

better captures the high NOx episode on both PKU and Yufang sites. 
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PM2.5 in MICS case tends to increase by 20 ppb on surface and decrease by 10 

ppb in upper atmosphere, which corresponds to the vertical plots on cross-section study.  

The main cause is from wet deposition and vertical re-distributions.  
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CHAPTER 6 MODEL RESOLUTION IMPACT AND 

CONFIGURATION OPTIMIZATION IN GREATER 

BEIJING AREA 

6.1 Abstract 

Air quality modeling has become a reliable method for forecasting particle matter 

and other pollutants in China. Choosing the appropriate domain resolutions can be a trick 

question, with regards to both accuracy and efficiency. This paper is devoted to the 

development of a set of optimal resolutions in Beijing area. The sensitivity test for 

resolutions includes two aspects: horizontal and vertical. Four resolutions are employed 

to test spatial resolution impacts. Results show that higher resolution can better capture 

surface temperature trends and distributions of chemical species. 81 km resolution 

performs the worst, while 27 km, 9 km and 3 km (highly related) improve the predictions 

step by step. However the improvement from 9 km to 3 km case is very limited in this 

test run. For vertical resolution impact, three vertical meshes (9 layers, 27 layers and 54 

layers) are studied. Mean bias for 2-m temperature decreased from 4 ℃ using 9 layers to 

2 ℃ using 27 layers. Also surface ozone concentrations are better simulated in 27 layer 

case than 9 layers. Although 54 layer further improves simulations, it shows a highly 

correlation (R =0.9925) to case using 27 layers.  Overall the optimal configuration is 

recommended with 9 km spatial resolutions and 27 vertical layers for future forecast 

campaign in Beijing. 

6.2 Introduction 

In the past several years, air pollution, mostly photochemical smog and 

widespread haze, have become severe in China, especially for northern China (Zhao et 

al., 2013 and Tao et al., 2014). The maximum hourly PM2.5 had exceeded 680      in 

the Greater Beijing Area (Wang et al., 2014). For the 20 million people living within this 

city cluster (the sixth national census in China, 2010), efficiently forecasting daily 
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pollutant levels is important for pollutant exposures and preventing/mitigating human 

health damages. 

Air quality in the lower atmosphere is difficult to predict and is sensitive to many 

factors, for instance monsoon, anthropogenic emissions, and boundary inflows (Lin et al, 

2009).  Model resolution (horizontal and vertical) also play a key role in the accuracy of 

the predictions. Choosing the appropriate resolution choice is a dilemma for air quality 

modeling. Limited resolution brings in systematic errors into model simulations (Esler et 

al., 2004), while finer resolution adds computational costs and may not practical for daily 

air pollution forecasts, as computing resources are often a limiting resource in operational 

forecasts. Moreover the required input data sets of land use and emissions may not be 

available to support fine resolutions. 

In this paper we explore the role of model resolutions in predictions of air 

pollutants in eastern China. Several studies have focused on assessing resolution impact 

on air modeling. The transport from stratosphere to troposphere contributes about 40% in 

troposphere ozone concentrations (Roelofs et al. 1997). Kentarchos et al. (1999) found 

that a refinement in horizontal resolution led to a 12% increase for this transport from 

stratospheric to troposphere and improved ozone profile. According to Lin et al. (2009), 

27 km resolution and 29 vertical layers (compared to 81 km and 23 vertical layers) are 

better choice for simulating ozone intensity in East Asia. Vivanco et al. (2011) did a 

sensitivity run in Spain and discovered that the maximum increase occurred between 0.5-

degreeand 0.2-degree cases and gave similar predictions for ozone concentration for 

higher resolutions. Cohan et al. (2006) found out that 12-km grid-resolution was 

sufficient to reproduce ozone pollutions in Atlanta, US. For vertical resolutions, Menut et 

al. (2013) pointed out vertical mesh plays little impact over chemistry-transport model. 

However few studies are concerned with appropriate resolution in the forecast use. In this 

study, we plan to evaluate resolution impact from both spatial and vertical grids and 
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analyze pollutant sensitivities. With the recommended resolutions, model fidelity in 

future forecast can be improved.  

Results of the sensitivity air quality predictions to changes in horizontal and 

vertical resolution are evaluated using on-line coupled WRF-Chem simulations. The 

paper is organized as follows. Section 2 is the descriptions of modeling tools and 

configurations. In section 3, we present the methodology used in evaluating horizontal 

and vertical sensitivity. For each aspect, some preliminary results are shown in section 4, 

including validation with observation, spatial impact and vertical impacts. 

6.3 Description of Tools, Study Area and Data 

In this study, WRF/CHEM V3.1.1 was used (Grell et al., 2005). It couples the 

Weather Research and Forecasting model (WRF) developed by NCAR with chemistry 

model, and has been proved as one of reliable models for air quality in China (Yu et al., 

2014, Tie et al., 2013 and Jiang et al., 2012). For all runs studied in this paper, we used 

the Carbon Bond (CBMZ) chemical mechanism and MOSAIC with 4 sectional aerosol 

bins (Fast et al., 2006). We used the MICS-Asia 2010 (Multi-resolution Emission 

Inventory for China) developed by Q. Zhang and K.B. He at Tsinghua University for the 

anthropogenic emission inventory and MEGAN V2.04 (the Model of Emissions of Gases 

and Aerosols from Nature) (Guenther et al., 2006) for the biogenic emission. Land-cover 

data was retrieved from MODIS (MODerate resolution Imaging Spectro radiometer) (Yu 

et al., 2012). Anthropogenic heat emissions was also taken into considerations by using 

the NEWLucy method (Yu et al., 2014). The Model for Ozone and Related chemical 

Tracers, version 4 (MOZART-4) was used for the initial chemical state and the lateral 

boundary conditions for coarse domain (Emmons et al., 2010).  

We focused on the greater Beijing area in this paper. It contains one of biggest 

city clusters in China, including Beijing, Tianjin, and part of Province Heibei. 
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Observation data at urban location (PKU, (116.31 °E, 39.99 °N)) from CAREBeijing 

field campaign for August 2006 was used in model evaluations.  

6.4 Methodology 

For each test run, simulations are conducted from 0000 UTC 01 August to 0000 

UTC 31 August 2006. 

6.4.1Model configuration for spatial resolution 

To evaluate horizontal resolution impact, an experiment was designed using 4-

nested domains, where the feedback option was turned off to perform one-way nested 

simulations. Figure 1.a shows the 4-nested domains.  The resolutions for four domains 

are 81-km, 27-km, 9-km and 3-km, respectively.  The coarsest domain covers eastern 

Asia, with 81 X 57 grid numbers. Second domain zooms in the northern part of China 

and has49 X 49 grids. The third domain located at the North China Plain (NCP) uses 55 

X 55 grids and the finest domain centered at Beijing with 82X 58 grids. Figure 1.b is the 

terrain height plot in Domain 04 and PKU is located inside the city center symbol. In 

August, East Asian Monsoon (from northeast or southeast directions) is dominant for the 

whole North China Plain (Wu et al., 2010). Combined with Beijing’s unique topography 

(altitude significantly arises in western counties in Figure 6.1.b), pollutants are likely to 

accumulate in Beijing and its western area (Wu et al, 2011).  
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Figure 6.1 Domain plots for spatial resolution evaluation (a). The resolution for Domain 
01 is 81-km, for Domain 02 is 27-km, for Domain 03 is 9-km and for Domain 
04 is 3-km, respectively. b) Terrain heights plot inside domain 04. The black 
line is perpendicular to terrain height gradients. The symbol represents three 

different grids on this line: City center, NE point and SW point. 

6.4.2 Model Configuration for Vertical Resolution 

Three cases were performed to evaluate vertical resolution impacts, using 9 

layers, 27 layers and 54 layers. All of these three cases used the same bottom and top 

staggers. The middle setting (27-layers) is the default vertical parameters for WRF model 

and called original case, while the 9 layers, called one-third case converged every three 

layers in the 27 layers into one, and the 54 layers divided every layer in the 27 

configuration into two (called the double case). 

6.5 Results and Discussion 

6.5.1Sensitivity to Horizontal Resolutions 

6.5.1.1 Data Validation with Observations 

Figure 6.2 show the temporal plots for each meteorological and chemical species 

at PKU.  Results are plotted for these locations from each of the 4 model domains, with 

results interpolated to the site locations. The 81 km resolution is typical of that used in 

many global chemical transport models, while 27 and 9 km grids are often used in 
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regional and urban applications, and 3 km resolution is often used in finer-scale urban 

applications that do not try to resolve urban corridor issues.  At the urban site PKU, our 

simulations underestimate 2-m Temperature under all resolutions. However, with higher 

resolutions, the mean bias is reduced by 3.72 ℃ (85%) from 81 km to 27 km, 0.36 ℃ 

further to 9 km and eventually decreased to 0.11 ℃ in the finest domain (Table 6.1).  This 

improvement is also represented in Figure 6.3.a.  The greatest improvement is found 

between Domain 01 and Domain 02, while domain 02, 03 and 04 provide similar results 

for 2-m temperature.  

 
 
 

Figure 6.2 Figure 2 Temporary plots on PKU for 2-m Temperature, PBL heights, Ozone 
and NOx concentrations. 
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Table 6.1 Statistical table between observations and simulations by using 81-km, 27-km, 
9-km and 3-km resolution on PKU. 

 
 
 

Temporal ozone simulations are also represented in Figure 6.2.  Cases with 27, 9 

and 3 km resolutions give similar results at PKU. The 81 km case overestimates ozone 

values, especially at night. Ozone simulation is significant improved when resolution 

increases. The peak value for ozone enhances step by step from Domain 01 to Domain 04. 

The mean bias decreased by 6.3 ppb from the coarsest to the finest domains. Even bigger 

improvement is found during nocturnal periods for ozone simulations.  In the real case, 

ozone destruction rates are highly strengthened by circulations (dominated by both 

valley-breeze and urban-breeze) (Yu et al. 2014) (Ryu et al. 2013) and by NOx (which 

serves as a precursor) emissions into the stable night time PBL in urban area. As a result 

observed ozone levels are very low (only around several ppb) in urban centers in the 

Greater Beijing area.  However, in the 81-km resolution case ozone remains elevated at 

night as it underestimates the NOx build-up. Employing finer increases NOx; between 81 

km and 3 km the increase is as large as 70 ppb (Figure6.2.d). Therefore nighttime ozone 

simulations decreases with higher resolutions. Some statistical analyses are also 

performed in this study, shown in Figure 6.3. From the scatter plot (Figure 6.2.a) between 

temperature observations and simulations, significant improvement was found between 

81-km and 27-km resolutions. Figure 6.3.b and 6.3.c are the diurnal plots for temperature 

and ozone, respectively. The shade indicates the range for observations. The 81-km case 

does not capture the heterogeneity in the land-cover use, and smoothens the topography 
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around Beijing, resulting in a lower temperature simulation for the entire day. Using 27-

km resolution is able to increase nighttime surface temperature by 5 ℃ and daytime by 

3 ℃. For ozone simulation, nighttime concentration near surface decreased by 17 ppb 

from 81 km to 27 km, then 20 ppb further to 9 km and eventually 29 ppb to 3 km (Figure 

6.3.c). 

 
 
 

Figure 6.3 Some statistical plots for observations and simulations using 81-km, 27-km, 9-
km and 3-km resolutions. The shade indicates observation range for 

temperature and ozone. 

6.5.1.2 Spatial Resolution Impacts over Beijing Area 

Figure 6.4 is the spatial plots over Beijing area from the different horizontal 

resolution cases (different domains, all plotted over the same spatial window) during 

nighttime. Resulting from UHI, there should be two hotspots in our domain for surface 

temperature. One is on Beijing and the other one is on Tianjin, another big city southeast 

of Beijing.  However, domain 01 fails to capture any of these hotspots and under-

estimates the maximum 2-m temperature by over 5 ℃. Beginning from the 27-km case, 

two high-value centers appears as expected.  When comparing domain 02 with higher 

resolutions, surface temperature shows an under-prediction in both the magnitude and the 

spatial extent. Averaged performances for 3-km and 9-km cases are nearly identical 
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(99.15% correlation for city center) (Table 6.2), with similar maximum values and 

similar spatial patterns, except for a more detailed distribution in domain 04. PBL height 

distribution is also shown in Figure 6.4.  Since no urban features are captured in 81-km 

resolution, the PBL estimates are relatively low over the Greater Beijing area, ranging 

from 40 meters to 60 meters. When moving to the next scale, two large hotspots, 

indicating city areas, appears in 27-km case.  However the locations of two hotspots are 

shifted from city (south direction). In domain 03, the two hotspots appear at the correct 

locations and the maximum PBL heights during nighttime are over 300 meters. In domain 

04, besides those two large spots, some small hotspots around Beijing and Tianjin arise.   

 
 
 

Figure 6.4 Spatial plots for monthly-averaged meteorological and chemical variables 
using 81-km, 27-km, 9-km and 3-km resolutions at nighttime.. 
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Monthly-averaged nighttime concentration of ozone, CO, and NOX is also shown 

in Figure 6.4. CO is used as an indicator for pollutant transport in our study area. Due to 

extremely low PBL profile around the Greater Beijing area in 81-km resolution, CO 

shows a high value center at Beijing and its southern counties, with maximum values 

exceed 1800 ppb. Using 27-km resolution improves the spatial distribution. Based on an 

elevated PBL, maximum of CO simulations decrease to around 1300 ppb and also two 

hotspots reflecting emissions from two cities emerge as a result. The 9-km and 3-km 

resolutions are able to further resolve CO gradients around Beijing city and southwest of 

it, which corresponds to the dominant down-wind direction during this period. The 9-km 

case is highly correlated to 3-km case in city center of Beijing, with R (area-averaged) 

equals to 0.9883. NOx distribution is similar to CO. There is no hotspots formed in 81-

km resolution and gradually, two hotspots become to take shape using higher resolutions. 

From 9-km to 3-km resolutions, because of the enhanced PBL heights, the maximum 

value for city centers drops a little for NOx simulation. Ozone monthly-averaged 

concentration is also represented in Figure 6.4. The sharp edges of its gradient in 81-km 

case are mainly caused by interpolations on scarce points. With refiner resolutions from 

27-km resolution, ozone destruction rates are largely enhanced by high NOx value within 

enhanced PBL. Therefore, very low-ozone scenarios are captured using 9-km and 3-km 

resolutions during nighttime.  

Monthly-averaged daytime spatial distributions for temperature, PBL, O3, CO 

and NOx are shown in Figure 6.5. Similarly, 81-km resolution case is unable to capture 

the individual hotspot in Beijing and Tianjin and instead merges those two hotspots into 

one. Thus there are overestimates (around 2 ℃ ) for rural area temperatures. 

Consequently, higher PBL heights and lower CO concentration are expected. Using 27-

km resolution is capable to distinguish the hotspots in surface temperature out of the one 

large one from 81-km resolution. From 27-km to 3-km resolutions, the high temperature 

center shrinks to the correct fully-developed city center, resulting in more pollutants 
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accumulates at city center. Daytime ozone formulations are highly dependent of its 

precursors, like NOx. In this case, 3-km resolution gives highest ozone estimates at city 

centers of Beijing and Tianjin (Figure 6.5).  

 
 
 

Figure 6.5 Spatial plots for monthly-averaged meteorological and chemical variables 
using 81-km, 27-km, 9-km and 3-km resolutions at daytime. 

To understand how spatial resolution impacts pollutant transport and dispersion, a 

model called Flexpart is chosen in this study. Flexpart is a Lagrangian Particle Dispersion 

Model developed at the Norwegian Institute for Air Research in the Department of 

Atmospheric and Climate Research.  Figure 6.6 shows particles dispersion patterns from 

each resolution case for the past 5 hours. Greatest differences are found between Domain 

01 and Domain 02. Higher resolutions tend to increase the surface wind velocity and help 

particle matters and other pollutant transported further from the upwind direction. 
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Figure 6.6 Particle matter dispersion results from 81-km, 27-km, 9-km and 3-km 
resolutions. 

 As we discussed before, the complex topography around Beijing area affect the 

flow conditions and resolving topography is a key factor for improving model 

performance. Three different grids are chosen on the black line in Figure 1.b., which is 

perpendicular to the terrain height gradient. We name it as, City Center, NE point 

(Northeast of City Center) and SW point (Southwest of City Center). For city center in 

Beijing, refining horizontal resolution increases surface temperature, and the maximum 

improvement is about 3.5 ℃  (Table 2).Temperature enhancement further alters the 

energy balance, resulting in a higher PBL height. In 81-km resolution simulation, the 

PBL is around 484 meters in the city center, while using 3-km resolution, it expands to 

879 meters. Concentrations of carbon monoxide and NOx increase while ozone decreases 
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as resolution increases.  Compared to the city center, meteorological differences on NE 

and SW grids are relatively smaller between each resolution case. The difference ranges 

for 2-m temperature is within 1 ℃  andwithin 60 meters for PBL simulations. When 

refining resolution from 81-km, carbon monoxide and NOx tend to increase on SW grids 

and decrease on NE grids. Meanwhile surface ozone decreases on SW grids and increase 

on NE grids. To better investigate diurnal trends on three points, another statistical result 

is shown in table 3. For City Center and SW point, ozone tends to increase during 

daytime and decrease during nighttime by using finer resolutions. NE point shows a 

different scenario, with lower ozone at daytime and higher at nighttime. Inside the North 

China Plain, the major emissions is from the southern part and using higher resolution is 

able to better resolve the spatial distributions. Some system errors might be brought into 

simulations if using insufficient resolution. Cumulative fraction of CO and ozone for 

these three grids is shown in Figure 6.7. For CO simulations on City Center and SW 

points, finer resolutions seem to enlarge peak time CO, while decrease peak time CO on 

NE points. Ozone cumulative fraction plots are consistent with our quantitative analysis 

in table 3. A large decrease for nighttime ozone is found on both city center and SW point 

and increase for daytime ozone simulations. The lower 25 % of ozone concentrations 

decreases from 30 ppb in 81-km resolution to less than 10 ppb in 3-km resolution case.  

At the meantime, the upper 5% of ozone increases from 100 ppb in 81-km to around 130 

in 3-km at city center. Correlation between each resolution case is shown in the right 

column in Table 2. The R between 81-km and 27-km resolutions is around 0.75 for 

temperature and less than 0.60 for other chemical species. The lowest correlation is for 

carbon monoxide on upwind grids, which is only 0.43. The other three cases are highly 

correlated to each other for all variables, especially for 9-km and 3-km cases. The overall 

R between 9-km and 3-km is as large as 0.98. 
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Table 6.2 Statistical results on three different grids around Beijing area by using 81-km, 
27-km, 9-km and 3-km resolutions. 

 
Table 6.3 Diurnal trends on City center, NE (Northeast point) and SW (Southwest point) 

for each species. 
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Figure 6.7 Cumulative fraction plots on City Center, NE and SW points for CO and 
Ozone. 

Overall, smaller resolution can better resolve the distribution of both chemical and 

meteorological variables, especially for city and urban scale. Some systematic error may 

be brought in due to lack of detailed resolutions. However, only very limited 

improvements are found between 9-km and 3-km cases. Therefore with regards to current 

available data and computing resources, 9-km resolution seems to be the best option for 

future adequate and efficient forecast in Beijing. 

6.5.2 Sensitivity to Vertical Impact 

Three different vertical meshes are used in these sensitivity studies. First one 

using the default WRF/Chem vertical settings is called as original case. Second one 

(double case) is double the original layers, using 54 layers. The last one is one-third case, 
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containing only 9 vertical meshes. Results are extracted from innerest domain using three 

different vertical meshes. 

6.5.2.1 Validation with Observations 

Figure 6.8 shows the temporal plots and comparisons at PKU for 2-m 

temperature, PBL height, ozone and NOx concentrations. All of these three cases under-

predict 2-m temperature for PKU. One-third case gives the lowest estimates, with a mean 

bias of over 4 ℃ for peak value. Original case are highly correlated to double case 

(99.25% correlation), and reduces the mean bias to 2 ℃. Using coarse vertical resolution 

might not be able to reproduce the whole structure of PBL. According to Figure 8, the 

PBL height simulations from the one-third case is around 30% lower than that from the 

other two cases at noon. Bigger effects of vertical resolution are found for ozone. During 

high ozone episode in August 2006, one-third case performances worst. For instance, it 

underestimates surface peak ozone by 40 ppb on August 15 2006 and overestimates by 

over 30 ppb on August 17 2006. Meanwhile, it predicts a nocturnal situation with high 

ozone (40 ppb), while the realistic case is a low profile.  With refining vertical meshes, 

results demonstrate a considerable and gradually improvement (for both daytime and 

nighttime) in original and double cases.  Mean bias for ozone simulations decreases by 

3.2 ppb between one-third and original case and further decreased by 3.3 ppb when using 

54 vertical layers.   



www.manaraa.com

91 
 

 
 

Figure 6.8 Temporal plots on PKU for observations and simulations from one-third (9 
layers) case, original case (27 layers) and double case (54 layers). 

6.5.2.2 Vertical Profile Differences from Vertical 

Resolution 

Figure 6.9 is the monthly-averaged vertical profile for each meteorological and 

chemical species at the PKU site.  The black solid line represents the original case (27 

layers), the blue dotted line is the one-third case (9 layers) and the red dashed line 

represents double case (54 layers).  For some variables, like temperature and pressure, the 

three cases give the similar predictions from surface level to the top of troposphere for 

the entire day. With regards to water vapor fields, original and double cases tend to 

predict similar profiles, while one-third case suggests a dryer lower atmosphere and more 

moisture situation in higher atmosphere which corresponds to cloud formation locations 

(Figure 9).  Another discrepancy is found out at z-direction wind, a key factor for 
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pollutants vertical transport and dilutions. With more layers (original and double cases), 

model produces an upward flow from surface for both daytime and nighttime. One-third 

case, on the other hand, exhibits a depressed center with downward flow over PKU site. 

Ozone, NOx, CO and PM2.5 comparisons are also shown in Figure 6.9.  Overall, 

compared to original and double case, one-third case underestimates pollutants 

concentration on surface and overestimates it in upper levels.  The difference near surface 

is as large as 30 μg/m
3
 for PM2.5 (around10 μg/m

3
 (35.7%) enhancement from nitrate 

concentrations and 20 μg/m
3
 (25%) increase from other inorganic matters) between one-

third case and double case.  

 
 
 

Figure 6.9 Vertical profile plots for Temperature, Pressure, RH, Water mixing ratio, Z-
wind, Cloud and ice, Ozone, NOx, CO and PM2.5 in daytime and nighttime 

on PKU. 
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Figure 6.10 is the height versus time plots of PKU for carbon monoxide, ozone, 

NOx and PM2.5. The x-axis represents the date of the simulated month, which is August 

2006. The left panel is the difference between original and one-third case. The middle 

panel is the original vertical profile plots at PKU and the right one is the difference 

between double and original case. With the same emission distribution from MICS 2010, 

one-third case predicts the lowest carbon monoxide concentrations near surface area, by 

underestimating both magnitude and length for polluted episodes, like August 24 2006. 

When it comes to the upper atmosphere, it tends to overestimate carbon monoxide. This 

could be caused by the different vertical wind profile in each case. For ozone 

concentrations, more downward intrusion from troposphere is found in one-third case and 

with more vertical layers, it is likely to have a higher ozone concentration in the lower 

atmosphere. Also more ozone intrusion from stratosphere to troposphere is simulated in 

original and double case, resulting in a higher value at upper atmosphere. PM2.5 

concentration is also shown in Figure 6.10. More vertical meshes alter the formulation 

rates of secondary aerosols which in turn bring in more particle matter around Beijing 

area. The difference between original and one-third case is as large as 150 ug/m3 at 

surface and can influence up to 2 km above ground. Figure 6.11 is another Flexpart plot 

for particulate matter transport. From the comparison, finer vertical meshes tend to 

decrease surface horizontal wind and introduce a un-favorable condition for pollutants 

dispersions. With increasing accumulation in city areas, original and double cases are 

likely to reproduce a more polluted scenario within PBL (Figure 6.10.d).  
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Figure 6.10 Height versus time plot on PKU for CO, O3, NOx, and PM2.5 for the entire 

simulated month. 
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Figure 6.11 Particle matter dispersion results from one-third, original, and double cases. 

6.5.2.3 Spatial Differences from Vertical Resolutions 

Choice for vertical meshes is crucial for not only vertical profile but also spatial 

re-distribution. The monthly-averaged spatial difference is shown in Figure 12. The left 

panel is the differences between original case and one-third case and right is between 

double and original case. Involving from 9 layers to 27 layers enhances surface 

concentrations for carbon monoxide over Beijing and its downwind area. The maximum 

enhancement is around 160 ppb.  Further involving form 27 layers to 54 layers results in 

a very limited increase (within 10 ppb) in carbon monoxide concentrations around 

Beijing area. NOx and PM2.5 share the same spatial pattern with carbon monoxide. 

Pollutant levels are better captured using original and double cases, especially for particle 

matters.  A difference of over 44 μg/m
3
 is shown between 9 layers and 27 layers. Menut 

et al. (2013) found that vertical resolution is not the most sensitive factor for air quality 



www.manaraa.com

96 
 

 
 

modeling in Paris, while in Beijing, insufficient vertical resolution will under-estimate 

PM2.5 by nearly 20 ppb. 

Vertical profile is easily affected under different choice of vertical resolutions. 

For urban area in Beijing, finer vertical resolutions tend towards a better and more 

realistic scenario. Great improvements are discovered using 27 and 54 layers. One-third 

case, using 9 vertical layers, is likely to underestimate peak values for surface ozone. 

Although some finite improvement can be achieved by using double case instead of 

original case, it is highly recommended to use 27 layers for a more efficient forecast 

process. 

 
 
 

Figure 6.12 Spatial plots for monthly-averaged CO, O3, NOx, and PM2.5. Left panel: 
difference between 27 layers and 9 layers. Right panel: difference between 54 

layers and 27 layers. 
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6.6 Conclusions 

Widespread haze episode has become very frequently in northern China recently. 

An efficient and accurate forecast is needed for public health. In this paper, we focus on 

resolution impacts on air quality modeling in China and try to provide an optimal domain 

setting for future study. 

Four different domains were designed to evaluate spatial resolution impact. The 

resolutions are 81-km, 27-km, 9-km and 3-km. For urban grid, higher resolution 

improves simulations. Mean bias for 2-m temperature deduced from -4.4 ℃ in 81-km 

case to only 0.11 ℃ in 3-km case. Ozone simulations are also improved by a higher 

daytime peak and a lower nighttime concentration with finer spatial grids. Biggest 

improvement are found out between 81-km and 27-km and the performances for 9-km 

and 3-km resolutions are nearly identical (R~0.98).  

In this paper, vertical resolution impact is accessed by three vertical meshes, 9 

layers, 27 layers and 54 layers. The results from 27 layers are highly related to 54 layers, 

while the case using 9 layers develops an opposite scenario for vertical wind and 

moisture distributions. It (9 layers) also fail to capture the peak value for 2-m temperature 

and ozone overestimate nocturnal ozone by 20~30 ppb. Vertical settings affect surface 

simulations as well. The maximum difference for PM2.5 in Beijing downwind direction 

is as large as 44 μg/m
3
.  

For future forecast in Beijing, we recommend a domain of 9-km spatial resolution 

and 27 vertical layers. However, if other precise data is available, for instance emission 

inventory or land-cover data, more improvements are expected from 3-km and 54 vertical 

layers. This setting might not be sufficient for forecasting. Future work will focus on 

using high-resolution emission and further evaluate model performances. 
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CHAPTER 7CHEMICAL AND METEOROLOGICAL 

FORECASTING DURING CAREBEIJING-NCP2013 FIELD 

CAMPAIGN 

7.1 Abstract 

Campaigns of Air Pollution Research in Megacity Beijing and North China Plain 

(CAREBeijing-NCP) 2013 were initialed by Peking University in summer 2013. To 

better served the field campaigns, CGRER (the Center for Regional and Environmental 

Research) participated in the forecasting project. Everyday a forecast report was sent out 

by midnight including four types of products. Some preliminary results revealed that 

CGRER was able to capture the main trend of meteorology, including severe convection 

weather in Beijing area. For future forecast runs, a more detailed emission inventory, 

especially for particulate matters is highly recommended.  

7.2 Introduction 

Urbanization and rapid economic progress in China, especially in Beijing, put a 

lot of pressure on air quality. Recent research and studies revealed the poor quality due to 

massive emissions and unfavorable metrological conditions (Zhao et al., 2013 and Tao et 

al., 2014). However the current understanding of haze formulation and mechanisms are 

far from complete in China. To address these uncertainties, CAREBeijing-NCP 

(Campaigns of Air Pollution Researchin Megacity Beijing and North China Plain) was 

planned in the summer of 2013, as a follow up of CAREBEIJING2006, 2007, and 2008. 

It was initialed by Peking University, China and executed from June 1
st
 2006 to July 15

th
 

2006. 

The major objectives for CAREBeijing-NCP 2013 field campaign fall into 4 

aspects. Better understanding for 1) mechanisms for the producing, cycling, and sinks of 

HOx radicals; 2) mechanisms of ozone, new particle, and secondary aerosol particles 

formation; 3 oxidative capacities and the multiphase reaction on the surface of fine 
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particles; 4) optical and hygroscopic properties of aerosol and their implication in climate 

impacts. 

Dozens of teams participated in the CAREBEIJING-NCP 2013 field campaign in 

Beijing, including China, Korea, Japan, USA, Germany and other countries. Figure 7.1 is 

the campaign photos from Group Princeton, USA and Group Shangdong, China. Also a 

data policy was made on October 2013 for data sharing.  

 
 
 

Figure 7.1 Campaign photos from Group Princeton and Group Shangdong 

 
 
 

To support CAREBeijing-NCP field campaign, daily forecast reports were made 

during campaign periods. Two groups participated in forecast: Institute of Atmospheric 
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Physics (IAP) from Chinese Academy of Sciences and Center for Regional and 

Environmental Research (CGRER) from University of Iowa. IAP used MM5 (the fifth-

generation NCAR/Penn State Mesoscale Model) as metrological model and NAQPMS 

(the Nested Air Quality Prediction Modeling System) as chemical transport model. 

CGRER employed WRF-Chem V3.5 as forecasting tools. Everyday two reports were 

sent out to campaign members by mid-night. 

As we discussed before, CareBeijing-NCP is a follow up campaign from summer 

2006 and expanded to the entire North China Plain. More sites outside Beijing as well as 

mobile measurement were designed for this 2013 campaign.  Figure 7.2 below is the sites 

and routes map. In this field campaign, five major observation sites were chosen: 1)PKU 

site, at the campus of Peking University; 2) Xianghe Site, locating in Xianghe County 

between Beijing and Tianjin; 3) Gucheng Site, 100km south of Beijing;4) Quzhou, in 

southern part of  Hebei Province; 5) Yucheng, northwest part of Shangdong Province. 

The lines in Figure 7.2 represented the designed route path for mobile platform.  
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Figure 7.2 Five major sites and route for mobile platforms in CAREBeijing-NCP 2013  

7.3 Method 

CGRER from University of Iowa used WRF-Chem (Grell et al. 2005), the online 

chemical transport model, in CAREBeijing-NCP 2013 campaign forecast.  Three nested 

domains were performed everyday with three day forecast. The resolution for the largest 

domain is 81 km and the smallest is 9 km. Vertical meshes are 27 layers recommended 

from Section 6. Anthropogenic emissions were reassigned from the Intercontinental 

Chemical Transport Experiment Phase B (Zhang et al., 2009) for 2006. And the Model of 

Emissions of Gases and Aerosols from Nature (MEGAN) was used as biogenic emissions 

(Guenther et al., 2006). Land cover data was MODIS, with 20 classifications. Boundary 

and initial conditions were from MACC developed by Institute for Climate and Energy 

Research in Forschungszentrum Jülich, Germany. We downloaded from http://join.iek.fz-

juelich.de/macc/access/. To better capture gaseous pollutants concentrations, we used The 

Carbon Bond (CBMZ) chemical mechanism and MOSAIC using 4 sectional aerosol bins 
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(Fast et al, 2006) in this study. Real time fire emissions were based on the Fire Inventory 

from NCAR (FINN), downloaded from http://bai.acd.ucar.edu/Data/fire/. Lin et al. 

scheme is chosen as microphysics (Lin, Farley and Orville, 1983). We used RRTM as 

long wave radiation (Mlawer et al., 1997) and Goddard (Chou and Suzrez, 1994) as 

shortwave radiation.  

7.4 Preliminary Results 

The whole forecast lasts from Jun 1
st
 to July 1

st
 2013, and then extended to July 

15
th

 2013. 

7.4.1 Pre-campaign Analysis 

Some test runs were designed before the field campaign period. To better capture 

pollutant levels in summer 2013, a parallel run for summer 2010 was performed in North 

China Plain. The simulated period was from 0000 UTC 01 June to 0000 UTC 30June 

2010 using exact domain settings in section 7.3.  

  7.4.1.1 Basic Analysis 

Figure 7.3 below is the terrain height plot (left) and urban fraction plot (right) in 

3
rd

 domain. The dots represent the five stationery observation sites at that time and lines 

are the analytic cross-section location, which is consistent with the dominant wind 

direction. The unique topography for Beijing makes it unfavorable conditions for 

pollutant dilutions. During summer monsoon seasons, both urban breeze and valley 

breeze circulations are of great importance for predicting air quality in North China Plain 

(Yu et al., 2014).  

http://bai.acd.ucar.edu/Data/fire/
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Figure 7.3 Terrain height (left) and urban fraction (right) plots in 3rd domain for 
CAREBeijing-NCP field campaign. 

Figure 7.4 shows the spatial distributions for monthly-averaged 2-m temperature, 

2-m dew point, PBL height and Aerosol Optical Depth (AOD) at 600 nm for daytime and 

nighttime in 3
rd

 domain. The maximum of 2-m temperature is 32 ℃and 24 ℃ for daytime 

and nighttime respectively. Daytime PBL height expands to over 1800 meters for Beijing 

and its downwind area. High AOD area in Figure 7.4 is highly correlated to urban 

fraction plot in Figure 7.3. Spatial distributions of chemical species are also investigated 

in this study (Figure 7.5). Beijing and Tianjin serves as two major sources for carbon 

monoxide. Due to the elevated topography in the northwest part and background 

monsoon wind, high concentrations of pollutants accumulated from southwest to 

northeast in North China Plain. The maximum carbon monoxide value is over 500 ppb. 

High values for other criteria pollutants; like NOX and Ozone are also found in Beijing, 

while sulphates mass is not. This indicates the regulation on cleaner energy resources has 
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taken into effect in Beijing. City of Shijiazhuang corresponds to the high center around 

(38 °N, 114.5 °E). It is a traditional industry city with high capacity power plant and steel 

industry.  

 
 
 

Figure 7.4 Monthly-averaged spatial plots in 3rd domain for 2-m Temperature, 2-m Dew 
points, PBL height and AOD at 600 nm. 
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Figure 7.5 Monthly-averaged spatial plots in 3rd domain for CO, Ozone, BC, NOx, 
PM2.5 and Sulfate Mass. 

Figure 7.6 shows the vertical profile for a cross-section line in Figure 7.3. We 

analyze a high episode that occurred on Jun 15
th

 2010. Two snapshots are taken: 2 PM 

Jun 15
th

 2010 and 2 AM Jun 16
th

 2010 (12 hours later).  For the first snapshot, a strong 

upward flow is found for the Beijing area. Turbulence brings polluted air to an altitude of 

4 km above ground. Ozone shows the similar vertical distribution. Because of the 

unfavorable dilution conditions, after 12 hours in the second snapshot, high ozone air 

mass shows at 2 km height along the cross-section line. A new plume of PM2.5 arises 

from Beijing area on 2 PM Jun 15
th

 and after 12 hours it maintains the same high level at 

Beijing, with slightly expansion upward and to southwest part.  Due to this plume, the 

averaged background PM2.5 in the downwind direction increases by 30      .  
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To better understand this high episode, height-versus-time plots are made on PKU 

site and Gucheng. In Figure 7.7, PKU represents the urban scenario for Beijing, while 

Gucheng is one of the downwind cities around Beijing. PKU has a peak PM2.5 on Jun 

15
th

 with maximum exceeding 130        while Gucheng shows a later high episode for 

the next following day. When compared Gucheng with PKU, for all species there is a 

shift (approximately half day) in time. Therefore to control the air quality within North 

China Plain, Beijing is the key factor for its downwind cities.  

7.4.1.2 Aerosol Feedbacks 

It is crucial to include aerosol feedbacks (direct and indirect) in air quality. In this 

section, sensitivity runs were conducted with and without aerosol feedbacks for North 

China Plain.  

Figure 7.8 is the spatial difference for short wave, long wave radiation, surface 

temperature and AOD at 600 nm. The total effect from aerosol is “cooling”, with a 

surface temperature decrease (around -0.6 C) at Beijing area. And the maximum decrease 

in Beijing for shortwave radiation is about -160 W/m
2
. AOD is expected to increase when 

considering feedbacks.  At Beijing, the enhancement exceeds 2.  We also extract 

temporal plots on PKU (Figure 7.9). Without feedbacks, simulations tend to yield higher 

surface temperature during daytime, which results from more short wave radiation 

reaches surface when feedback option is turned off. Higher surface temperature always 

comes with higher PBL height. More chemical components are transported into upper 

atmosphere. Thus the ambient air in Beijing is turned out to be cleaner on Jun 10
th

 2010, 

for instance. 
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Figure 7.6 Cross-section plots for CO, Ozone, NOx and PM2.5 in a heavily polluted 
episode.  
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Figure 7.7 Height versus Date plots on PKU and Gucheng for PM2.5, ozone, CO, NOx, 
BC and sulfate mass. 
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Figure 7.8 Monthly-averaged difference plots between with and without aerosol 
feedbacks for Short wave, long wave, 2-m Temperature and AOD @ 600nm. 

Figure 7.9 Temporal plots on site PKU for CO, NOx, ozone, and PM2.5 for case with and 
without feedbacks. 
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Figure 7.10 shows the vertical profile on PKU with regards to time. The case 

without feedback is likely to reproduce a stronger vertical mixing for Beijing area. In 

Figure 7.10, more carbon monoxide, NOx, ozone and PM2.5 are transported to upper 

atmosphere from surface. In without aerosol feedback case, surface pollutant levels tend 

to reduce by 12%. Besides this, more ozone intrusions (from stratosphere to troposphere) 

are also found out around 6 km above ground in without feedback case. The average 

increase for ozone is around 30~40 ppb at 6km height. 

Figure 7.10 Height versus Date plots on PKU for NOx, CO, ozone and PM2.5 between 
with and without feedback cases 
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7.4.2 Real Campaign Forecast 

For each day from Jun 1
st
 to July 15

th
 2013, a forecast with latest fire emissions, 

and boundary conditions was started six hours before mid-night. Within three to four 

hours, helium (the computing cluster from University of Iowa) will finish the forecast for 

the next three days. A summary report was sent out and other correlated files were synced 

on the ftp server (https://www.cgrer.uiowa.edu/ACESS/shared/data_share/).   

7.4.2.1 Daily Product 

Group CGRER provided 4 different types of forecast products every day. The 

first is time serial plots on five major field sites, including PKU, Xianghe, Gucheng, 

Quzhou and Yucheng (Figure 7.2). The second product is the spatial plots for 

precipitation and chemical pollutants. The snapshots were extracted every 6 hours. The 

third was a cross-section plot (114.9414 °E, 36.9564 °N) to (116.2597 °E, 40.2860 °N) 

for chemical distributions. And the last one is height versus date plots on Xianghe site. 

Figure 7.11 below is one example from our daily forecast products. 

https://email.uiowa.edu/owa/redir.aspx?C=J-kfJAzEMEOuYV_FEWMub_reKTziENEI-cp-PkZgE61z-xxBtXoa0_CkRPz3dX0Z0x6uXGXxefM.&URL=https%3a%2f%2fwww.cgrer.uiowa.edu%2fACESS%2fshared%2fdata_share%2f
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Figure 7.11 One example for CGRER daily forecast products 

7.4.2.2 A Precipitation Process on June 4 2013 

According to field campaign on Jun 4
th

 2013, a heavy precipitation occurred in 

northern part of Beijing. Due to this large amount of rainfall inside Beijing area, pollutant 

levels dropped in the afternoon of Jun 4
th

 2013. From the forecast product in Jun 3
rd

 

2013(Figure 7.12), a heavy precipitation appeared in the northern part of Beijing from 

12:00 to 18:00 Jun 4
th

 2013. And the accumulated precipitation was as large as 22 mm. 

After 18:00 Jun 4
th

 2013, the center moved northeast into Province Hebei. With regards 

to the real scenario, our simulation tended to underestimate the intensity of this 

precipitation process and also produced a shift spatial in the pattern. 
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Figure 7.12 Forecast for precipitation on Jun 4th 2013 over North China Plain 

Some preliminary comparisons were included in Figure 7.13 for observations and 

model outputs from both CGRER and IAP group. On PKU site, PM2.5 reached a peak 

value during morning rush hour. The maximum PM2.5 was above 200      . After 

precipitation in the afternoon, both PM2.5 and PM 10 decreased by wet deposition. IAP 

group was not able to predict this strong convection weather and overestimated 

particulate matters. For NO2 simulations, both groups underestimated it by over 40 ppb, 

indicating an uncertainty in current anthropogenic emissions. On Xianghe site, CGRER’s 

results showed a highly correlation with observation, especially for SO2 and NO2. 

However neither group captured the high particulate episode in the morning of Jun 4
th

. 

According to Wu et al. (2011), the local PM emissions contributed about 75% of total 



www.manaraa.com

115 
 

 
 

surface PM2.5 in Beijing. For future runs, we recommend including more detailed dust 

emissions, like road dust and construction dust to decrease these discrepancies.  

 

Figure 7.13 Comparison between observations and forecasts on PKU and Xianghe sites 
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7.5 Conclusion 

Haze and other associated air pollutions in Beijing has become a heated topic all 

over the world. To better investigate it, CAREBeijing-NCP field campaign was 

conducted from Jun 1
st
 to July 15

th
 2013. To assist those groups in the campaign, CGRER 

from University of Iowa used WRF-Chem to predict both meteorology and chemical 

distributions. Four types of products were produced every day from CGRER, including 

temporal plots on five major sites, spatial plots for every 6 hours, cross-section vertical 

plots and height-versus-date plots on Xianghe site. Major meteorology features were 

welly simulated by our model, including severe precipitation. However due to lack of 

comprehensive emission inventories, there remains large uncertainty for particulate 

matter simulations. Impletion of other dust emissions into model might help to improve 

model fidelity in the future. 
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CHAPTER 8 CONCLUSION AND FUTURE WORK 

Through different sensitivity runs in this thesis, one mutual objective is shared 

within chapters, to advance the simulations of air quality in China by using WRF-Chem. 

This goal is achieved by finding the appropriate chemical mechanism and its other 

physical parameters, replacing the current out-dated land-cover data, developing and 

implanting a new anthropogenic heat emission into model, remapping the updated 

emission data and seeking the best domain and vertical resolutions. 

8.1 Conclusions 

In Chapter 2, we described the method on how to introduce MODIS land-cover 

into WRF-Chem. Based on this sensitivity run, a warm/dry scenario was found out in 

Beijing after urbanization process. The average temperature increase exceeded 3 ℃ in 

Beijing. Ozone was enhanced by over 10 ppb for the entire day and PM2.5 increased due 

to less precipitations. Simulations containing land cover impact from urbanization 

demonstrated a significant improvement in many aspects. 

Chapter 3 was a follow-up study from Chapter 2. The purpose was trying to find 

the maximum impacts from land-cover change. Two sensitivity runs were conducted 

using pre-industrialization and current land-cover data. Results revealed a potential 

increase of 2 ℃ in Beijin  area. Besides temperature increase, a dryer condition on 

surface was also expected. Compared to Chapter 2, the maximum increase from 

land-cover was determined to be 20 ppb from the sensitivity runs. 

We discussed the current status for inputting anthropogenic heat into WRF-Chem 

in Chapter 4. A new methodology (NEWLucy) was invented to better describe emission 

scenarios in China. After coupling NEWLucy with WRF-Chem model, sensitivity runs 

revealed an increase in temperature and PBL height. We managed to improve model 

fidelity in high-ozone episodes. 
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Chapter 5 focused on the emission impacts. Urbanization process typically 

increases emission release to accommodate increasing population. In this chapter, we 

utilized two emission inventories (2006 and 2010). We analyze the total emission trends, 

as well as spatial distribution change in North China Plain. Results showed a considerable 

increase in NOx and other pollutants since 2006. Surface ozone and PM2.5 were largely 

enhanced. Since there are only 4 sectors included in these two inventories, a more 

detailed emission inventory is highly recommended for future forecasts.  

Model resolution is another crucial setting for air quality modeling. In Chapter 7, 

we designed two sensitivity runs on spatial and vertical resolutions. Based on the current 

available emission and land-cover data, the optimal resolution settings were found to be 

9-km (spatial) and 27 layers (vertical). This result guarantees the future forecasts with 

both accuracy and efficiency. However large uncertainties still remain in emission 

inventory and urban canopy model. If provided with precise data, the optima settings 

might change accordingly.  

Finally, by using all the experience in previous study, a forecast to serve 

CAREBeijing-NCP field campaign was conducted in summer 2013.  Four kinds of 

different forecast products were sent to each member by mid-night every day. Major 

meteorology features were well-simulated in North China Plain, including precipitation 

processes. However concerning chemical distributions, our results showed the 

insufficiency in emission inventory (INTEX-B 2006). Future study should focus on 

improving emissions, especially for particulate matters.  

To sum up, another table regarding all the sensitivity study in this paper is shown 

in table 8.1.  The results were extracted from city center of Beijing. Land cover and 

additional heat release had the bigger impacts on temperature and its associated variables.  

For the city center of Beijing, the potential surface temperature increase from land-cover 

change was 1.8 ºC (daytime) and 2.4 ºC (nighttime), respectively. PBL was expected to 

expand by 400 m at daytime and 80 m at nighttime. Anthropogenic heat had the similar 
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sensitivity impacts, with higher surface temperature simulations and higher PBL heights. 

However, the influence on ozone concentrations showed opposite directions for land-

cover change and anthropogenic heat. Changing into paved surface tended to increase 

surface ozone levels, while anthropogenic heat was likely to decrease due to expanded 

PBL heights. In the greater Beijing Area, aerosol tends to have a “cooling” effect.  The 

“cooling” surface produced a condensed PBL, with 40 ppb (daytime) and 200 ppb 

(nighttime) more CO in the low atmosphere. PM2.5 was also enhanced over 40 ug/m
3
 

during nighttime.  The choice of resolution (horizontal and vertical) is another key factor 

for urban air quality modeling in the Greater Beijing Area. At city center of Beijing, the 

difference between 81-km and 27-km were 1.9 ºC and 4.5 ºC for daytime and nighttime 

respectively. Regarding to vertical resolutions, using insufficient vertical meshes might 

bring in some systematic errors. The difference for PM2.5 between 27 layers (the default 

settings in WRF) and 9 layers was as large as 40 ug/m
3
 for Beijing area. 

 
 
 

Table 8.1 Conclusion table for all sensitivity runs in city center of Beijing 
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8.2 Future Study 

In this thesis, all the sensitivity runs were conducted from a regional scale. Based 

on this condition, many important processes (vertical and horizontal) are ignored or not 

well simulated.  The future study should focus on city-scale, like convective cells, if high 

resolution land-cover data is available. Uncertainty in urban model requires numerous 

sensitivity tests for the optimal configurations in China, like building height, density and 

canopy options. Also detailed information on land-cover will enable the ability to further 

classify urban cells into three different types, low-intensity residential, high-intensity 

residential and industrial commercials. 

 Additional improvement can be achieved by fine resolution emission inventories. 

In this thesis, most of the sensitivity runs are conducted with either INTEX-B or MICS. 

The resolutions for these two inventories are 0.5º × 0.5º and 0.25º × 0.25º, respectively. 

Recently a new global anthropogenic emission was published online, called HTAP (the 

Task Force on Hemispheric Transport of Air Pollution). It’s equipped with high-

resolution (0.1º × 0.1º) for the year 2010. More studies should focus on this new source 

and comparisons with the current MICS emissions.  

In Chapter 4, we developed a new methodology for simulating anthropogenic heat 

emissions. This NEWLucy model is calculated based on several assumptions. For 

instance, we assumed average speed of vehicles to be 48 km/h and 80% of total vehicles 

on road in the Greater Beijing area. These assumptions might be accurate when 

considering both large cities and small cities inside North China Plain. More sensitivity 

runs are needed to access these uncertainties. Also, the differences between weekdays 

and weekends are not well predicted in this thesis. Future study could utilize more than 

one global heat emissions to improve model fidelity.  

Besides these, another possible study should be developing more comprehensive 

emissions for particulate matters. According to recent studies, it is likely to underestimate 

PM2.5 concentrations (also shown in this thesis). Many factors could contribute to it, like 
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limited emission inventory and chemical mechanism options. In this thesis, we used 

CBMZ with MOSAIC. This combination is proved to be good in simulating ozone, but 

its mechanism for Secondary Organic Aerosol (SOA) is far from complete. How to 

improve and test it in Beijing area could be the key issue in future studies.  
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